VOL. 235, NO. 6 


The Journal 


Biological Chemistry 


© Copyright 1960, by the American Society of Biological Chemists, Inc. 


JUNE 1960 


HaGeN, JEAN HimMs, AND Bai, ErtcG. Studies on the 
Metabolism of Adipose Tissue. IV. The Effect of 
Insulin and Adrenaline on Glucose Utilization, Lac- 
tate Production, and Net Gas Exchange........... 
Votk, WesLey A. Purification and Properties of Phos- 
phoarabinoisomerase from Propionibacteritum pento- 
WakIL, SALIH J., AND Hi'BscHER, GEORGE. Quantitative 
Determination of Coenzyme A by Sorbyl Coenzyme A 
ASHWELL, GILBERT, WAaHBA, ALBERT J., AND HICKMAN, 
Jean. Uronic Acid Metabolism in Bacteria. I. 
Purification and Properties of Uronic Acid Isomerase 
HicKMAN, JEAN, AND ASHWELL, GILBERT. Uronic Acid 
Metabolism in Bacteria. II. Purification and Prop- 
erties of p-Altronic Acid and p-Mannonic Acid De- 
hvdrogenases in Escherichi 
SmiLEY, J. DONALD, AND ASHWELL, GILBERT. Uronic 
Acid Metabolism in Bacteria. III. Purification and 
Properties of p-Altronic Acid and p-Mannonic Acid 
Dehydrases in Escherichia coli...................... 
CynkKIN, Morris A., AND ASHWELL, GILBERT. Uronic 
Acid Metabolism in Bacteria. IV. Purification and 
Properties of 2-Keto-3-deoxy-p-gluconokinase in 
HoreckeER, B. L., THOMAS, JANINE, AND Monon, JACQUES 
Galactose Transport in Escherichia coli. I. General 
Properties as Studied in a Galactokinaseless Mutant. 
HoreckeERr, B. L., THOMAS, JANINE, AND Monon, JACQUES. 
CGialactose Transport in Escherichia coli. Il. Char- 
acteristics of the Exit Process...................... 
Kitaspcnt, ABBAS E., McCay, Pau. B., CARPENTER, 
Mary P., Trucco, Raut E., anp Caputtro, RANWEL. 
Formation of Malonaldehyde in Vitamin E Deficiency 
and Its Relation to the Inhibition of Gulonolactone 
HoBERMAN, Henry D., D’ApAMo, AMEDEO, JR. 
Coupling of Oxidation of Substrates to Reductive 
Biosyntheses. VI. Studies with Glycerol-2-D...... 
Wo.rr, JOHN B., AND Price, LEONARD. The Effect of 
Sugars on Chlorophyll Biosynthesis in Higher Plants. 
Gupta, NaBA K., AND Rospinson, G. The En- 
zymatic Conversion of Lactaldehyde to Propanediol. 
RopBELL, Martin. The Removal and Metabolism of 
Chylomicrons by Adipose Tissue in Vitro.......... 
GREEN, JACK PETER, AND Rostnson, J. D., Jr. Cere- 
broside Sulfate (Sulfatide A) in Some Organs of the 
Rat and in a Mast Cell Tumor..................... 
PérRON, FERNAND G., AND Koritz, SEymour B. On the 
Location of the Stimulation in Vitro by Ca** and 
Freezing of Corticoid Production by Rat Adrenal 
WeERBIN, Haroup, Cuatrkorr, I. L., JoNES, EMMETT, 
“©. The Metabolism of H3-8-Sitosterol in the Guinea 
Pig: Its Conversion to Urinary Cortisol............ 
McGuire, Joseru S., Jr., aND TomMKINS, Gorpon M. 
The Heterogeneity of A‘-3-Ketosteroid Reductases 
da 


Suukvuya, RyoitT1, AND SCHWERT, GEORGE W. Glutamic 
Acid Decarboxylase. I. Isolation Procedures and 
Properties of the Enzyme.......................... 

Suckuya, Ryort1, ScHwerT, GEorGE W. Glutamic 
Acid Decarboxylase. II. The Spectrum of the En- 


Acid Decarboxylase. III. The Inactivation of the 
Enzyme at Low Temperatures..................... 
ERIKSEN, Nits, Martin, Georce M., AND BENDITT, 
Eart P. Oxidation of the Indole Nucleus of 5-Hy- 
droxytryptamine and the Formation of Pigments: 


1559 


1566 


1571 


1576 


1580 


1586 


CONTENTS 


Isolation and Partial Characterization of a Dimer of 
5-Hydroxytryptamine.............................. 
WEINFELD, HERBERT, AND Tunis, Marvin. The Cleav- 
age of Human @-Acid Glycoprotein by Pepsin...... 
MARKUS, GABOR, AND AMBRUS, CLARA M. On the Forma- 
tion of Different Types of Plasmin by Streptokinase 
Wve, Fene Cur, anp Laskowski, M. Crystalline Acid- 
labile Trypsin Inhibitor from Bovine Blood Plasma. . 
RuHovEs, Marvin B., BENNETT, NELLE, AND FEENEY, 
RosBert E. The Trypsin and Chymotrypsin In- 
hibitors from Avian Egg Whites.............. ..... 
Evus, STANLEY. Pituitary Proteinase I: Purification 
and Action on Growth Hormone and Prolactin. ..... 
Martonosi, A., Gouvea, M. A., AND GerRGELY, J. 
Studies on Actin. I. The Interaction of C'-labeled 
Adenine Nucleotide with Actin .................... 
GERGELY, J., GouveEaA, M. A., AND Marronosi, A. Stud- 
ies on Actin. II. Partially Polymerized Actin Solu- 
Marronost, A., Gouvea, M. A., AND GERGELY, J. Stud- 
ies on Actin. IIL. G-F Transformation of Actin and 
Muscular Contraction (Experiments in Vivo)....... 
CUNNINGHAM, LEON W., AND NUENKE, B. JOANNE. 
Analysis of Modified 8-Lactoglobulins and Ovalbu- 
mins Prepared from the Sulfenyl Iodide Intermedi- 
CiveN, Morton, anp Knox, W. EuGene. The Specific- 
ity of Tryptophan Analogues as Inducers, Substrates, 
Inhibitors, and Stabilizers of Liver Tryptophan 
EAGLE, Harry, Oyama, Vance I., Prez, Karu A. 
The Reversible Binding of Half-cystine Residues to 
Serum Protein, and Its Bearing on the Cystine Re- 
quirement of Cultured Mammalian Cells......__.. 
BovaRNIcK, MARIANNA R., AND SCHNEIDER, Lovuts. 
The Incorporation of Glycine-1-C' by Typhus Rick- 
JORGENSEN, EUGENE C., ZENKER, NICOLAS, AND GREEN- 
BERG, Cyrus. Thyroxine Analogues. III. Anti- 
oitrogenic and Calorigenic Activity of Some Alkyl 


1662 
1668 


1711 


1716 


1719 


1727 


ScHAPIRA, G., Kruu, Dreyrus, J. C., AND SCHAPIRA, 
F. The Molecular Turnover of Muscle Aldolase... . 
AuivisaTos, 8. G. A., UnGar, F., Lukacs, L., AaNp La- 
Mantra, L. Imidazolytic Processes. III. Enzymic 

i ae of Coenzyme I to a Histamine Dinucleo- 
F. J., AND FrRIEDEN, Nucleic Acids and 
Induced Amphibian Metamorphosis................ 
Kir, Savi. Chromatographic rofiles of Deoxyri- 
bonucleic Acid Preparations from Rat and Mouse 
NEMETH, ANDREW M., AND DICKERMAN, HERBERT. Py- 
ridine Nucleotides and Diphosphopyridine Nucleoti- 
dase in Developing Mammalian Tissues. ........... 
LIEBERMAN, IRVING, AND OvE, PETER. Enzyme Studies 
with Mutant Mammalian Cells.................... 
VoGEL, WOLFGANG, RIcHERT, Dan A., PIXLEY, BURNETT 
Q., AND ScHULMAN, MarTIN P. Heme Synthesis in 
Iron-deficient Duck Blood.......................... 
ZAKRZEWSKI, SIGMUND F. Purification and Properties of 
Folic Acid Reductase from Chicken Liver............ 
ZAKRZEWSKI, SiGMuND F. Studies on the Substrate 
Specificity of Folic Acid Reductase................ 
KRAMER, Davip N., AND GAaMSON, RoBeRT M. Studies 
of the Fine Structure of the Isomeric Indopheny!l 
Esters: Biochemical 
Cuan, P. C., LEHNINGER, ALBERT L., AND ENNs, THEO- 
poRE. The Phosphate-Water Oxygen Exchange 
Reaction of Oxidative Phosphorylation in Submito- 
chondrial Preparations............................. 
Post, R. L., Merritt, C. R., Krinsotvina, C. R., anno 
ALBRIGHT, C. D. Membrane Adenosine Triphos- 
sa as a Participant in the Active Transport of 
ium and Potassium in the Human Erythrocyte. . 


Continued, page 2 


1738 


1790 


1796 


3 
1545 
1673 
| 1550 1680 
: 1554 1686 
1694 
1700 
1704 
1707 
| 
| 
| 
1591 
1599 
1603 | 
1609 
1613 1742 
1751 
1621 
1756 
1625 
1761 
1629 1765 
- 1634 1769 
KiimaN, BERNARD, AND PETERSON, RautpH E. Double 
Isotope Derivative Assay of Aldosterone in Biological 1776 
1780 
1649 
1785 
Suukuya, Ryort1, AND ScHWERT, GEORGE W. Glutamic 
1658 


2 The Journal of Biological Chemistry 


NAKAMOTO, ToKUMASA, KROGMANN, Davin W., aNnp 
Mayne, BERGER. Oxy gen Exchange Catalyzed by 


KLINE, Epwarp aNp WaRAvpDEKAR, V. Inhibitor 
of Succinoxidase Activity from H ydra littoralis..... 1803 
Doin, M. I., anp Woop, N. P. The Streptococcus fae- 
calis Oxidases for Reduced Diphosphopyridine 
Nucleotide. V. A Flavin Mononucleotide-containing 
Cooper, Cecit. The Stimulation of Adenosine Triphos- 
hatase in Submitochondrial Particles by Sulfhydryl 


Preliminary Communications 
Hitt, Rosert J., anp KoniGsperG, WILLIAM. The 
Isolation of Peptides from Tryptic Digests of the 
a-Chain from Human Hemoglobin................ PC2] Sub: 
Bates, Haroup M., anp LIPMANN, Fritz. Identifica- 


Lin, Epmunp C. C., anp MaGasanik, Boris. The ssura 
Activation of gg Dehydrogenase from Aero- — of 7-Glutamyleysteiny! Ribonucleic Acid as pri r 
bacter aerogenes by Monovalent Cations.......... 1820 ntermediary in Glutathione Synthesis............ PC22 | AF. 

Lin, Epmunp C. C., Levin, ALFRED P., AND MAGASANIK, GrabO, CARMEN, AND Ba.tiov, Ciinton E. Myo- 

Boris. The Effect of Aerobic Metabolism on the Inositol from Beef Brain Phosphoinositide. . .. PC23 
Inducible Glycerol Dehydrogenase of Aerobacter Suimizu, K., DorrMan, Raupu I., anp Gut, Con 

Dehydrogenase Reaction. The Molecularity LenNaRz, W. J., AND BLocu, Konrap. Hydroxystearie and R 

_ of the First Complex Formed...................... 1830 Acids and the Biosynthesis of Unsaturated Fatty turned 

Fripovicu, Irwin, AND HANDLER., Puitip. Detection Acids 
of Free Radicals in Illuminated Dye Solutions by the D B K of} 

Torrer, R., ve DuGros, Evipa Castro, roperties of y- utamy cysteine Synthetase.... PC27 -tomak 
RiverRoO, CARMEN. The Use of Chemiluminescent GORDON, MILTON PAUL, AND SMITH, CONLEY. Multi- ing ins 
Compounds as Possible Indicators of Radical Produec- plication of Tobacco Mosaic Virus in a Normally In- MM 

throug 
be 
AUTHOR INDEX 

Albright, C. D., 2g Gupta, Naba K., 1609 Ove, Peter, 1765 rected, 

Alivisatos, S.G. A., 1742 Gut, Marcel, PC25 Oyama, Vance I., 1719 -_jangua 

Ambrus, Clara M., 1673 referen 

Ashwell, Gilbert, 1559, 1566, 1571, 1576 Hagen, Jean Himms, 1545 Péron, Fernand G., 1625 ine 

Handler Philip 1835 Peterson, Ralph E., 1639 nume 

Ball, Eric G., 1545 Hickman, Jean, 1559, 1566 1769 

Hill, Robert J., PC21 y vague, 

Ballou, Clinton K., PC23 Hol H - 1). 1599 Post, R. L., 1796 Since t 

Bates, Harold M., PC22 Price, Leonard 1603 

Benditt. Earl P.. 1662 Horecker, B. L., 1580, 1586 ' ‘ eal neo 

Bennett, Nelle, 1686 Hibecher, George, 1554 Rhodes, Marvin B., 1686 cnaeed 

Bloch, Konrad, PC26, PC27 : ‘ Richert, Dan A., 1769 standal 

Bovarnick, Marianna R., 1727 Jones, Emmett E., 1629 Riviero. Carmen. 1839 

Jorgenson, Eugene C., 1732 Robinson, J. D., Jr., 1621 explain 
Robinson, William G., 1609 Issues 

Caputto, Ranwel, 1591 

Carpenter, Mary P., 1591 R., 1796 Rodbell, Martin, 1613. the usa 

Chaikoff, I. L., 1629 Kitabchi. Abbas E.. 1591 Schapira. F.. 1738 indexes 

Chan, P. C., 1790 Kliman, Bernard, 1639 Schapira, G., 1738 capital 

Civen, Morton, 1716 Kline, Edward S., 1803 Schneider, Louis, 1727 referrec 

Cooper, oo 1815 W., 1711 Knox, W. Eugene, 1716 Schulman, Martin P., 1769 erally v 

nat pd aa aes Konigsberg, William, PC21 Schwert, George W., 1649, 1653, 1658 A list 

Cynkin, Morris A., 1576 Koritz, Seymour B., 1625 Shimizu, K., PC25 iii 

Kramer, David N., 1785 Shukuya, Ryoiti, 1649, 1653, 1658 

D’A@auio, Amedeo, Jr., 1599 Krogmann, David W., 1843 Smiley, J. Donald, 1571 article « 

Dae Herbert, 1761 Kruh, J., 1738 Conley, viation: 

Dolin, M 1809 strumeyer, D. h 

Dorfman, Ralph I., PC25 LaMantia, L., 1742 . wt 

Dreyfus, J. C., 1738 Laskowski, M., 1680 Thomas, Janine, 1580, 1586 — 

de Dugros, Elida Castro, 1839 Lehninger, Albert L., 1790 Tomkins, Gordon M., 1634 maries. 

) , vin, Alfred P., rucco, Raul E., 1591 auth 

Eagle, Harry ’ 1719 Lieberman, Irving, 1765 Tunis, Marvin, 1668 as ont 

ihe, Lin, Edmund C 1820, 1824 

nns, Theodore, in, 
Eriksen, Nils, 1662 Lian, PC22 Ungar, F., 1742 
Vogel, Wolfgang, 1769 

Feeney, Robert E., 1686 Magasanik, Boris, 1820, 1824 Volk, Wesley A., 1550 vis 

Finamore, F. J., 1751 Markus, Gabor, 1673 uplica 

Fisher, Harvey F., 1830 Martin, George M., 1662 Wahba, Albert J., 1559 supplen 

Fridovich, Irwin, 1835 Martonosi, A., 1700, 1704, 1707 Wakil, Salih J., 1554 title pay 

Frieden, E., 1751 geo S., 1803 bered ir 

cCay, Pau einfeld, Herbert, 1668 

Gamson, Robert M., 1785 McGuire, Joseph S., Jr., 1634 Werbin, Harold, 1629 that do 

Gergely, J., 1700, 1704, 1707 Merritt, C. R., 1796 Wolff, John B., 1603 rearrany 

Gordon, Milton Paul, PC28 Monod, ’ Jacques, 1580, 1586 Wood, N. P., 1809 type siz 

Gouvea, M. A., 1700, 1704, 1707 Wu, Feng Chi, 1680 

Grado, Carmen, PC23 Nakamoto, Tokumosa, 1843 

Green, Jack Peter, 1621 Nemeth, Andrew M., 1761 Zakrzewski, Sigmund F., 1776, 1780 

Greenberg, Cyrus, 1732 Nuenke, B. Joanne, 1711 Zenker, Nicolas, 1732 The ti 

instance 
The Journal of Biological Chemistry, founded in 1905, is designed _tion price, payable in advance, is $45.00 per year, to subscribers Site a 
for the prompt publication of original investigations of a chem- in the United States and Canada; $46.50 per year, to those in other |... ae 
ical nature in the biological sciences. countries. The price of single copies is $5.50, except December lida ben 
All manuscripts should be addressed to Dr. John T. Edsall, 1958, $6.00. Remittances should be made by draft or check, compour 
Editor, The Journal of Biological Chemistry, 10 Divinity Avenue, or by postal money order, payable to The American Society of aS eae 
Harvard University, Cambridge 38, Massachusetts. Biological Chemists, Inc., 428 E. Preston Street, Baltimore 2, 
SupscriptTions. One volume is issued per year. The subscrip- Maryland. 


1843 


C26 
C27 
C28 


and Referees. 


Instructions To Authors 


Submission of a manuscript to the Editor involves the tacit 
assurance that no similar paper, other than an abstract or prelimi- 


nary report, has been, or will be submitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to 
delay in publication and to waste of time on the part of Editors 
An improperly prepared manuscript must be re- 
turned to the author for correction of technical faults regardless 
of its scientific merit. Accordingly, it is important that all con- 
tributions should be carefully examined before being submitted, 
tomake sure that thev conform as closely as possible to the follow- 


‘ing instructions. 


Manuscripts should be typed with double or triple spacing 


‘throughout (including references), and the original copy should 


be submitted along with one clear carbon copy. Before the manu- 


_seript is mailed to the Editor all errors in typing should be cor- 


rected, and the spelling of proper names and of words in foreign 
languages, the accuracy of direct quotations and bibliographical 


references, and the correctness of analytical data, as well as of 
numerical values in tables and in the text, should be carefully veri- 
fedby the author. Care ingrammatical construction is essential ; 
vague, obscure, and ambiguous statements must be avoided. 
since the Journal is read by scientists in foreign countries, techni- 
cal neologisms and “‘laboratory slang’’ should not be used; when 
unavoidable, such terms should be defined. Variations from 
standard nomenclature and all arbitrary abbreviations should be 
explained. The forms of spelling and abbreviations used incurrent 
issues of the Journal should be employed, and for chemical terms 
the usage of the American Chemical Society as illustrated by the 
indexes of Chemical Abstracts should be followed. A number of 
capital letter abbreviations for substances which are frequently 
referred to in biochemical publications are widely used and gen- 
erally understood. 

A list of approved abbreviations, which may be used without 
further definition in articles in the Journal, will be found in the 
article on ‘‘Use of Abbreviations’’ on pages 5and 6. Other abbre- 
viations should be used sparingly, and must be defined by each 
author in a footnote at the point where the first such abbrevia- 
tion occurs. Ordinarily no abbreviations should be used in sum- 
maries. For further details, see ‘‘Use of Abbreviations.”’ 

Separate sheets should be used for the following: (a) title, (5) 
author(s) and complete name of institution or laboratory, (c) 
running title, (d) references, (e) footnotes, (f) legends for fig- 
ures, (g) tables, and (h) other subsidiary matter. When an elab- 
orate mathematical or chemical formula (one which cannot be 
printed in single horizontal lines of type) appears in the text, a 
duplicate of it should be typed on a separate sheet. All such 
supplementary sheets, except the title, author(s), and running 
title pages, should follow the text, and all sheets should be num- 
bered in succession, the title page being page one. Manuscripts 
that do not conform to these instructions will have to be cut and 
rearranged by the printer so that the matter to be set in different 
type sizes can be separated. 


Title 


The title should be as short as is consistent with clarity; in most 
instances two printed lines are adequate to give a clear indication 
of the subject matter of the paper. The title should not include 
chemical formulas or arbitrary abbreviations, but chemical sym- 
bols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 


60 characters and spaces). 


Organization of Manuscript 


A desirable plan for the organization of a paper is the following: 
(a) introductory statement, with no heading, (6) ‘““Experimental 
Procedure’’ (or ‘‘Methods’’), (c) ‘‘Results,’’ (d) ‘‘Discussion,”’ (e) 
‘“Summary,’’ (f) “References.” The approximate location of the 
tables and figures in the text should be indicated in the margin. 
Any general acknowledgments that are to be made should be 
placed after the Summary, just preceding the References. Men- 
tion of more specific instances of acknowledgment may be made 
in footnotes. 

1. The introductory paragraphs should state the purpose of 
the investigation and its relation to other work in the same field, 
but extensive reviews of the literature should not be given. A 
brief statement of the principal findings is helpful to the reader. 

2. The description of the experimental procedures should be as 
brief as is compatible with the possibility of repetition of the work. 
Published procedures, unless extensively modified, should be re- 
ferred to only by citation in the list of references. 

3. The results are customarily presented in tables or charts and 
should be described with a minimum of discussion. 

4. The discussion should be restricted to the significance of the 
data obtained. Unsupported hypotheses should be avoided. 

5. Every paper must conclude with a brief summary in which the 
essential results of the investigation are succinctly outlined. 

6. The references should conform to the style used in current 
issues of the Journal. In the case of books, the authors’ names 
with initials, the title in full, the edition if other than the first, 
the publisher, the place of publication, the vear of publication, 
and the page should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the au- 
thor; all references should be confirmed by comparison of the final 
manuscript with the original publications. Mention of ‘‘unpub- 
lished experiments,”’ ‘‘personal communications,’’ etc., must be 
made in footnotes, and not included inthe References. References 
to papers which have been accepted for publication, but which have 
not appeared, should be cited just as other references, with the 
abbreviated name of the journal followed by the words ‘‘in press.’’ 
It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct 
bearing on the paper for publication. 

7. If the paper submitted is one of a series, the immediately 
preceding paper of the series should be included in the references, 
and identified as such, either in the text or in a footnote near the 
beginning of the paper. 


Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be 
made by the use of formulas when these can be printed in single 
horizontal lines of type. The use of structural formulas in run- 
ning text should be avoided. Chemical equations, structural 
formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural for- 
mulas or mathematical equations which cannot conveniently be 
set in type should be drawn in India ink on a separate sheet in 
form suitable for reproduction by photoengraving (examples, J. 
Biol. Chem., 228, 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference 
should be made to current issues of the Journal. <A table should 
be constructed so as to be intelligible without reference to the 
text. Only essential data should be tabulated. Every table 
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should be provided with an explanatory caption, and each col- 
umn should carry an appropriate heading. Units of measure must 
always be clearly indicated. If an experimental condition, such 
as the number of animals, dosage, concentration of a compound, 
etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, 
and not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data 
‘should be avoided, and, whenever space can be saved thereby, 
statistical methods should be employed by tabulation of the num- 
ber of individual results and the mean values with their standard 
deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two 
groups of data should be accompanied by the probability derived 
from the test of significance applied. 

Only in exceptional cases, the necessity for which must be 
clearly demonstrated, may the same data be published in two 
forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and 
authors are requested to follow carefully the directions given be- 
low. In case of doubt, the Editorial Office will gladly supply spe- 
cific information. 

It is helpful to the Editorial Office if all charts and drawings are 
submitted on sheets 8} x 11 inches in size. Large sized drawings 
or those much smaller than manuscript sheets are difficult to 
handle, and the Editor reserves the right to return unsuitable 
‘drawings to the author with a request for new drawings which 
conform with the requirements for publication. 

Drawings that have been prepared for presentation as lantern 
slides are frequently unsuitable, since the artist is often instructed 
to include information which should properly appear in the legend 
of the published figure. 

Charts should be planned so as to eliminate all waste space and, 
when several figures are submitted, should be designed so that two 
figures can be printed side by side where appropriate. In general, 
only one figure should be drawn on a sheet, and ample margin 
should be provided for labeling and for instructions about repro- 
duction added in the Editorial Office. All drawings should be 
prepared in the same style with respect to lettering, weight of 
lines, indications of points of observation, etc. 

The scales used in plotting the data should be so chosen as to 
avoid waste of space, especially vertical space. Tall, narrow 
drawings should be avoided, as should also low wide drawings. 
Curves that can be placed on one chart without undue crowding 
should not be given in separate charts. The drawings should be 
made on Bristol board, blue tracing cloth, or on coordinate paper 
printed in light blue. Mounting on heavy cardboard is undesir- 
able. Photoengravings made from photographic prints are infe- 
rior to those prepared from the original drawings, which should, 
therefore, be submitted whenever possible. If it is necessary to 
submit photographic prints because of the excessive size of the 
originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be 
fairly thick, as well as large enough for the necessary reduction. 
When oversize original drawings are submitted, a set of small photo- 
graphic prints must also be included for the use of Referees. A 
duplicate set of figures must accompany the carbon copy of the 
manuscript. These need not be of the same quality as the orig- 


inal figures intended for publication, but must be clear and legible 
for the use of Referees. 

All charts should be ruled off on all four sides close to the area 
occupied by the curves, and descriptive matter placed on the 
ordinate and abscissa should not extend beyond the limits of these 
Generally, 


rules. Black India ink should be used throughout. 


figures should be designed with the vertical height somewhat 
greater than the width, so as to fit well in a single column of the 
present format (width 3} inches). Letters and numerals should 
be uniform in size and style, and large enough so that they will be 
at least 1.5 mm high after reduction to the 33-inch width. Ocea- 
sional figures may be printed so as to spread across both columns, 
if this is necessary to present full details. Drawings which con. 
tain letters or characters which do not permit reduction must be 
returned to the authors with a request that the size of the letter- 
ing be increased. 

The scales used in plotting the data should be indicated by 
short index lines perpendicular to the marginal rules of the draw. 
ings on all four sides, unless more than one scale is used on the 
ordinates, at such intervals that interpolation will permit reason- 
ably accurate evaluation of experimental points. Points of ob- 
servation should: be indicated by symbols drawn with instruments. 
The significance of the symbols should be explained on the chart 
orinthe legend. If they are not explained on the face of the chart, 
only standard characters, of which the printer has type, should be 
employed (X, 0, @,0,8, A, A, ®). 

Photographs submitted for half-tone reproduction should be 
printed on white, glossy paper. The cost of half-tone reproduc- 
tions will be charged to the authors. 

Each chart, graph, and illustration should be clearly identified 
with a soft pencil on the margin, with the authors’ names, the 
number of the figure, and, if necessary, an indication of ‘‘top.” 
Each figure must have an explanatory legend. Legends should 
not be attached to or written on the illustration copy. 


Preliminary Communications 


Short Preliminary Communications, which appear to be of out- 
standing importance, will be given accelerated publication after 
editorial review and acceptance. The standards for acceptance 
of such manuscripts will be quite rigorous. Briefly, they may 
be stated as follows: 

1. The contribution must be, in the judgment of the Editors, 
of sufficiently immediate importance to the work of other inves- 
tigators to justify rapid publication. 

2. Adequate documentation of the reported findings must be 
presented. 

3. The length of the communication will be restricted to one 
full page in the present format of the Journal. This is approxi- 
mately 1000 words of text. If figures or tables are included, the 
permitted amount of text must be correspondingly reduced. 

4. It is ordinarily expected that such a Preliminary Communi- 
cation will be followed by a detailed report within a reasonable 
time. In some cases a very short paper may be complete in it- 
self, no further publication being required. If an author con- 
siders his communication to be final in this sense, he should so 
state in submitting the manuscript to the Editors. In such cases, 
the form of a short regular paper might be preferable (see the 
fifth paragraph following). 

5. Such short papers will not necessarily be restricted to new 
experimental findings. New interpretations of existing data 
may be published on occasion, but only in rare cases, when the 
interpretation is considered to be especially significant. 

6. The title of the manuscript, and the names and addresses of 
the authors should be given at the beginning, as in a regular 
paper. However, no summary need be included, and the head- 
ings and sub-headings commonly used in full papers may—and 
generally should—be omitted. An original and two carbon copies 
should be submitted. 

Authors should realize that questions of priority will be given 
no weight in the acceptance of such brief communications, and 
in any case priority is established by the date of receipt of the 
manuscript, not by the date of its publication. 
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The aim of the Journal in providing a medium for accelerated 
publication of such communications is to serve the advancement 
of the science of biochemistry. Procedures for handling such 
manuscripts are subject to modification as we gain experience in 
dealing with them. 

Quite apart from communications of this special category, we 
should like to remind authors that the Journal imposes no lower 
limit on the length of manuscripts submitted in the usual way. 
Papers which are only one or two pages long have been published 
on a number of occasions in the past, when the findings were con- 
sidered significant and the documentation and presentation were 
adequate. However, we have no desire to encourage short papers 
rather than long ones. A single long report of a comprehensive 
series of findings is generally preferred by the Editors to three or 
four short papers which, in the aggregate, require more time to 
read and to edit and also will take up more space. 


Proof-Reading 


Authors are responsible for the reading of galley proof. Print- 
ers’ errors should be marked in red on the proofs. Changes made 
by the authors should be marked in black. The cost of changes, 
other than correction of printers’ errors, will be charged to au- 
thors. Changes of text made in galley proof, other than printers’ 
errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or 
trivial changes will not be accepted by the Editor. Newly ob- 


tained data cannot be inserted. However, where the desirability 
or necessity of the addition of a ‘‘note added in proof’’ can be 
demonstrated to the satisfaction of the Editor, the manuscript 
of such a note may be attached to the proof. This addition must 
then receive the approval of the Editor. ‘ 

The manuscript should be returned with the galley proofs to 
the address given on the return envelope enclosed with the proofs: 
The Journal of Biological Chemistry 
The Williams & Wilkins Company 

428 E. Preston Street 
Baltimore 2, Maryland 


Reprints 


Reprints will be issued only when ordered by authors. When 
they are to be charged to an institution, an official purchase order 
must be supplied in addition to the order form submitted with 
the proof. The total number of reprints must be ordered when 
galley proof is returned. Reprints are made at the time the 
Journal is printed, and the type is destroyed at once. Therefore, 
additional reprints cannot be supplied after an issue of the Journal 
is printed except by a photo-offset method. The erst of such 
reproduction is many times greater than that of reprints printed 
from the original type. 


Use of Abbreviations 


The Journal recognizes the utility and convenience of some 
nonstandard abbreviations for chemical substances, particularly 
in equations, tables, or figures requiring several unwieldy terms 
in close or repeated context. The Journal therefore will accept 
a limited use of abbreviations of specific meaning as defined be- 
low. However, in order that scientific writing be comprehensi- 
ble to the reader, clarity and unambiguity of expression must re- 
main prime considerations. 

Titles and summaries, which are most often translated into 
foreign languages, should be free of abbreviations, and abbrevia- 
tions should be minimized in the introductory sections. In the 
remainder of the manuscript, abbreviations may be used in the 
text sparingly and only if advantage to the reader results. 
Chemical equations, which traditionally depend upon abbrevia- 
tions, may utilize an abbreviation for a term that appears in 
full in the neighboring text. This latter procedure is also per- 
missible in summaries, when necessary to avoid excessively 
cumbrous expressions, as in equations or polymer structures. 
Such essential abbreviations in summaries would be defined 
therein when first used; e.g. flavin adenine dinucleotide (FAD). 

Formulation of Abbreviattions— Abbreviations other than those 
listed or defined below should be in accordance with the following 
principles: 

The number of these introduced per article should be limited 
(3 or 4); none should be introduced except where repeated use is 
required (see above). Three letters are considered optimum in 
length. The formation of words by these letters or duplication 
of an accepted abbreviation is to be avoided. Where a number 
of derivatives, salts, or addition compounds may be formed, the 
toot or common basic structure should be the one abbreviated so 
that appendages may be hyphenated to it (e.g. AMP-sulfate, 
acyl-AMP). It is suggested that abbreviated names be hyphen- 


ated throughout, even where the full name is not (e.g. glucose- 
6-P, but glucose 6-phosphate). Structural analogues of DPN 
and TPN may be abbreviated with a prefixed asterisk, e.g. 
3-acetylpyridine-*DPN, where the * is to be read as “analogue 
of.”” Accepted symbols for elements or radicals are reeommended 
where applicable (e.g. glycero-P for glycerophosphate, P-glyc- 
erate for phosphoglycerate). 

Names Ordinarily Not To Be Abbreviated—Names of enzymes 
(except when named in terms of an abbreviation, e.g. glucose- 
6-P dehydrogenase, ATPase, but glucose 6-phosphatase; RNase, 
DNase), pyridoxal, pyridoxamine, deoxypyridoxine, thiamine, 
cocarboxylase, pantothenate, folic acid, pteroylglutamate, tri- 
chloroacetic acid, perchloric acid, the tricarboxylic acid cycle and 
members thereof should not be abbreviated, nor should groups 
easily represented by chemical symbols, such as hydroxymethy] 
(CH.OH) or tetrahydro (-H,). In referring to folic acid deriva- 
tives it is recommended that the names “tetrahydrofolic acid” or 
“tetrahydrofolate” be written out in full, unless repeated many 
times in a paper, in which case the abbreviation “folate-H,” may 
be used; as also “folate-H.” for dihydrofolate. Derivatives can 
similarly be referred to, eg. “5 (or 10)-hydroxymethylfolate- 
H,” or “5 (or 10)-CH,OH-folate-H,.”’ 

Accepted Abbreviations—The abbreviations in the list given 
below may be used without definition. Other abbreviations 
should be defined in a single footnote at the point of introduction 
of the first one. Accepted abbreviations are as follows (cf. 
Biochem. J., 66, 8 (1957)): 


DPN (or DPN*), diphosphopyridine nucleotide and its 
DPNH reduced form 

TPN, TPNH triphosphopyridine nucleotide and its 
reduced ferm 
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FAD, FADH, flavin adenine dinucleotide and its re- 
duced form 

NMN nicotinamide mononucleotide 

GSH, GSSG glutathione and its oxidized form 

CoA, acyl-CoA coenzyme A and its acyl derivatives 
(e.g. acetyl, etc.) 

AMP, GMP, IMP, the 5’-phosphates of ribosyl adenine, 

UMP, CMP guanine, hypoxanthine, uracil, cy- 


tosine 


2’-AMP, 3’-AMP (5’- the 2’-, 3’-, (and 5’-, where needed for 


AMP), etc. contrast) phosphates of the nucleo- 
sides 
ADP, etc. the 5’(pyro-)diphosphates of adeno- 
sine, etc. 
ATP, etc. the 5’(pyro)-triphosphates of adeno- 
sine, etc. 
deoxy-AMP(dAMP, 5/-phosphates of 2’-deoxyribosyl 


dGMP, dIMP, adenine, etc. 


dUMP, dCMP, 


dTMP) 
RNA, DNA ribonucleic acid, deoxyribonucleic acid 
RNase, DNase ribonuclease, deoxyribonuclease 
UDP-glucose, UDP-ga- uridine diphosphate glucose, galactose, 
lactose, etc. etc. 
P;, PP; inorganic orthophosphate and pyrophos- 
phate 
Tris tris(hydroxymethyl)aminomethane 


Phosphorylated derivatives may be depicted as phosphate 
derivatives of the parent compounds with P- or -P represent- 
ing phosphate, as in glucose-6-P, P-glycerate, glycerol-P, P-enol- 
pyruvate, PP-ribose-P (ribosylpyrophosphate 5-phosphate). 

For Diagrammatic Representation of Polymers or Sequences— 
(a) For the amino acid residues in polypeptides, the residue with 
the free alpha-amino group (if one is present) to be understood 
to be at the left of the sequences as written (Ann. Rev. Biochem., 


16, 224 (1947)): 


Gly, Ala, Val, Leu,Ileu glycyl, alanyl, valyl, leucyl, isoleucyl, 
Pro, Phe, CySH, CyS, prolyl, phenylalanyl, cysteinyl, half- 


Met, Try cystyl, methionyl, tryptophany] 
Arg, His, Lys arginyl, histidyl, lysyl 
Asp, Glu, aspartyl, glutamyl, 
Glu-NH; Asp-NH; glutaminyl, asparaginy] 
Ser, Thr, Tyr, seryl, threonyl, tyrosyl, 
Hypro, Hylys hydroxyprolyl, hydroxylysyl 


These symbols should be separated from each other by periods 


(e.g. Gly.Val.Asp.Ser). 


Groups of residues of unknown ge. 
quence may be enclosed in parentheses and separated by commas, 
These abbreviations should be used only for amino acid residueg 
in peptide linkage, never for the free amino acids, the names of 
which should be written out in full. 

(6) For the polysaccharides (J. Chem. Soc., 1952, 5121; Chem. 
Eng. News, 31, 1776 (1953)): 


Gf, Fru, Gal, Rib, deoxy- glucose, fructose, galactose, ribose, 
Rib (dRib), etc. deoxyribose, etc. 


(These abbreviations are to be used only for derivatives or poly- 
mers of the monosaccharides, not for the free monosaccharides 
themselves, the names of which should be written out in full.) 
When it is necessary to indicate furanose, pyranose, etc., the 
letter f or p, following the saccharide abbreviation, may be used. 
Thus, Ribf for ribofuranose. To indicate a uronic acid, the 
suffix A, for acid, may be used. Thus, GA for glucuronic acid, 
GalA for galacturonic acid. To indicate a 2-amino-2-deoxy- 
saccharide, the suffix N is added to the parent saccharide symbol, 
and an N-acetyl derivative is shown by NAc. Thus, GalN for 
galactosamine, GalNAc for N-acetyl galactoszmine. Configura- 
tion symbols (L-, p-) may be used as prefixes. Each residue is 
separated from the next by a hyphen; thus, UDP-GalNAc. 

(c) For polynucleotides of specific structure, the letter p to 
the left of the nucleoside initial indicating a 5’-phosphate; the 
letter p to the right, a 3’-phosphate:{ Thus, for polyribonucleo- 
tides (A, G, etc., representing the nucleosides of adenine, gua- 
nine,f etc.): 


5’-O-phosphoryl-adenyly]- (3’-5’) -guan- 
osine, or guanylyl-(5’-3’)-adenosine 
5’-phosphate 

adenylyl-(3’-5’)-guanosine 3’-phos- 
phate 

adenylyl-(3’-5’)-guanosine 2’, 3’-phos- 
phate 


pApG 


ApGp 


ApG-cyclic-p 


for polydeoxyribonucleotides: 


d-pApGpT 
deoxyguanylyl- (3’-5’)-deoxythymi- 
dine, or deoxythymidylyl-(5’-3’)-de- 
oxyguanylyl - (5’-3’) - deoxyadeno- 
sine 5’-phosphate. 


t Confusion between G for guanosine and for glucose, if it 
occurs, should be avoided by the use of one name in full. 

t For further examples of this system of abbreviation see, for 
instance, Heppel, Ortiz, and Ochoa, J. Biol. Chem., 229, 679, 695 
(1957), and especially Gilham and Khorana, J. Am. Chem. Soc., 
80, 6212 (1958). 
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UNITS OF MEASUREMENT 


Units of Mass 
kilogram kg 
gram g 
milligram mg 
microgram ug (not y) 
millimole mmole (not mm) 
micromole umole (not uM) 

Units of Concentration 

molar (mole /liter) M 
millimolar mM 
micromolar uM 


Units of Length, Area, Volume, etc. 


meter m 
centimeter em 
millimicron my 
Angstrom (107-* cm) A 

square centimeter cm? 

cubic centimeter cc, or cm? 
milliliter ml 
microliter ul (not ) 
sedimentation coefficient s 


sedimentation coefficient in water at 20°, 


extrapolated to zero concentration 8°00. w 
Svedberg unit of sedimentation coeffi- 

cient (10-8 sec) 
diffusion coefficient (usually given in 

cm?/sec) D 


Note that, in most instances, liter is not to be abbreviated. Use 
l, if necessary in tabular matter. 


Terms Used in Reporting Spectrophotometric Data—Because 
there are several ways of reporting spectrophotometric data and 
some conventions are not generally understood, it is essential 
for an author to indicate the relation between the symbols used. 
It is recommended that Beer’s law be stated with one of the 
following sets of symbols. 


A = OD = —logy T = amCb = «Cb = a,cb 


In these equations A is absorbancy (preferred), OD is optical 
density, T is transmittancy (not transmittance, as for a plate 
of glass), C is the concentration of the absorbing substance in 
moles per liter, c is its concentration in other units (which must 
be specified), as is the absorbancy index, am is the molar absorb- 
ancy index (identical with e, the molar extinction coefficient), 
and b is length of the optical path in cm. If Beer’s law is not 
applicable to a particular substance in solution, this should be 
explicitly stated; even in such cases the substance may be char- 
acterized by reporting the absorbancy at a specified concentra- 
tion. 

When a substance is characterized by a molar absorbancy 
index by use of radiant energy which is not confined strictly (as 
in a line spectrum) to the wave length or frequency specified, the 
exact value of this index will be somewhat ambiguous unless the 
so-called spectral interval isolated is also reported. 

See, for instance, K. S. Gibson, Spectrophotometry (200 to 1,000 
millimicrons) U. S. Department of Commerce, National Bureau 
of Standards, Circular 484, issued September 15 (1949), U. S. 
Gov’t Printing Office, Washington, D. C.; also, W. M. Clark, 
Topics in Physical Chemistry, Second Edition, pp. 646-657, The 
Williams & Wilkins Co., Baltimore, 1952. 


Equilibrium and Velocity Constants 


Dissociation constants, association constants, and Michaelis 
constants should ordinarily be written in terms of concentrations 
in-moles per liter; for instance, for the reaction Mgt* + ATP*— 
MgATP*-, the association constant is: K = (MgATP*-)/(Mg**) 
(ATP*-); (in units of 

If other units of concentration are employed, they should be 
clearly indicated at the point where the equilibrium constant is 
defined, and where its value is given. 

Values of velocity constants should be similarly specified, first 
order velocity constants being generally given in sec (other 
units of time may be used on occasion, but in any case the time 
unit should be specified). Second order velocity constants are 
ordinarily given in ar sec”. 

The term milligram per cent (mg %) should not be used. 
Weight concentrations should be given as g per ml, g per 
100 ml, g per liter, etc. 
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Studies on the Metabolism of Adipose Tissue 


IV. THE EFFECT OF INSULIN AND ADRENALINE ON GLUCOSE UTILIZATION, LACTATE 
PRODUCTION, AND NET GAS EXCHANGE* 


JEAN Himms AND Eric G. 


From the Department of Biological Chemistry, Harvard Medical School, Boston, Massachusetts 


(Received for publication, September 30, 1959) 


In previous studies in this series (1-3) it has been shown 
that an action of insulin on the metabolism of adipose tissue 
may be readily demonstrated by measurement of the net gas 
exchange in a bicarbonate medium. In this paper, we present 
data on glucose consumption, lactate production, and net gas 
exchange as measured concomitantly on the rat epididymal fat 
pad in the presence and absence of insulin. In addition the 
effect of adrenaline alone and in combination with insulin on 
these same metabolic processes in a bicarbonate medium has 
been measured. A study of the action of adrenaline on adi- 
pose tissue is prompted in part by the fact that this hormone 
has been shown to stimulate triglyceride breakdown in this 
tissue in vitro with the release of nonesterified fatty acids into 
the incubation medium (4-6). In addition it is known that 
adrenaline influences lipid metabolism in other tissues, inhib- 
iting fatty acid synthesis in liver slices (7, 8) and increasing 
fatty acid oxidation in liver slices (9) and liver homogenates 
(10, 11). Glucose metabolism of adipose tissue is also influ- 
enced by adrenaline as indicated by stimulation of glycogen 
breakdown in vivo (12) and by phosphorylase activation in 
vitro (13). 


METHODS 


Male white rats (170 to 220 g) obtained from the Holtzman 
Company, fed on Purina laboratory chow ad libitum and main- 
tained in a temperature-controlled environment were used in 
all experiments. The procedure for handling of the animals 
and the removal of the tissue, as well as the manometric meth- 
ods, have been adequately described previously (1-3). War- 
burg vessels with a total volume of 16 to 20 ml were employed 
so as to permit the use of 2.8 ml of the bicarbonate-buffered 
medium (14) in the main compartment. This volume of me- 
dium ensured an adequate supply of glucose throughout the 
experiment when 100 to 150 mg pieces of tissue and glucose 
concentrations of 90 mg per 100 ml were used. 

In some experiments albumin (human serum albumin, frac- 
tion VR, from the Protein Foundation, Jamaica Plain, Massa- 
chusetts) was dissolved in the incubation medium to yield a 
5% solution. A 5% solution of albumin in water required the 
addition of 0.15 ml of 1 N sodium hydroxide to neutralize 10 
ml; this amount of sodium hydroxide was therefore added to 


*This work was supported in part by funds received from 
the Eugene Higgins Trust through Harvard University, the Life 
Insurance Medical Research Fund, and Eli Lilly and Company. 

t Present address, Department of Physiology, University of 
Manitoba Medical School, Winnipeg, Canada. 


10 ml of the bicarbonate medium before addition of the al- 
bumin. In other experiments gelatin, 200 mg per ml, was added 
to the Krebs-Ringer bicarbonate solution to yield a saturated 
solution of gelatin at room temperature. 

Glucose was added to the incubation medium in one of two 
ways: (a) dissolved in the Ringer solution to give a final con- 
centration of 360 mg per 100 ml, or (6) 0.2 ml of a 0.9% so- 
dium chloride solution containing 13.5 mg of glucose per ml 
was added to the medium from the side-bulb at zero time; 
the final concentration of glucose in the latter experiments was 
90 mg per 100 ml. An adrenaline solution was prepared by 
dissolving the base in 0.1 n hydrochloric acid to give a final 
concentration of 6 mg per ml; this solution was diluted 1 in 
40 in distilled water immediately before use. Of this dilution 
which was still slightly acid (approximately 0.0017 n), 0.2 ml 
was placed in the side-bulb; the final concentration of adren- 
aline in the incubation medium was 10 wg per ml. The slight 
acidity of the diluted solution prevented any autoxidation of 
the adrenaline before it was added to the main compartment, 
and no pink color subsequently developed in the medium even 
after a 4-hour incubation. An insulin stock solution was pre- 
pared as described previously (1); this was diluted in 0.9% 
sodium chloride solution to yield a concentration of 3 U per 
ml. Of this dilution 0.1 ml was placed in the flask, usually 
in the main compartment but sometimes in the side-bulb as 
indicated elsewhere in the text; the final concentration of in- 
sulin in the medium was 0.1 U per ml unless stated otherwise. 
All solutions were prepared in glass-distilled water. 

After a preliminary temperature equilibration period of 15 
minutes at 37°, during which time the bicarbonate-buffered 
Ringer solution was equilibrated with a gas mixture containing 
5% carbon dioxide, readings were taken at intervals of 10 min- 
utes for up to 3 hours. 

Net gas exchange of the tissue was calculated as described 
in previous papers (1, 2). 

Glucose estimations were carried out according to the method 
of Nelson (15). The tissues were removed from the vessels 
at the end of a 3-hour incubation and carefully drained into 
graduated centrifuge tubes. The media were washed into the 
same tubes and deproteinized by the addition of 1 ml of 5% 
ZnSO, and 1 ml of 0.3 n Ba(OH).; the volume was adjusted 
to 10 ml. After centrifugation glucose estimations were done 
using 0.5 ml of the supernatant. The amount of glucose which 
had disappeared from the medium (originally containing 15 
moles) was calculated. Glucose uptake is expressed as umoles 
of glucose per 100 mg of tissue (wet weight) per hour. Lactic 


1545 


1546 


acid estimations were carried out on the same protein-free su- 
pernatant fluid (2 ml) with the use of the method of Barker 
and Summerson (16). Lactic acid production is expressed as 
umoles per 100 mg of tissue (wet weight). 


RESULTS 


The characteristic effect of the addition of adrenaline on the 
net gas exchange of adipose tissue incubated in a bicarbonate 
buffered Krebs-Ringer solution is shown in Fig. 1. Data from 
experiments on the paired distal tissues of three different rats 
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Fia. 1. The effect of adrenaline on the net gas exchange of 
rat epididymal adipose tissue. Incubation medium: bicarbonate- 
buffered Ringer solution, containing glucose, 360 mg per 100 
ml. Adrenaline concentration, 10 ug per ml. Gas phase: 5% 
CO., 95% air, except the two curves marked N2-CO2 where 5% 
CO2, 95% Ne was used. 
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Fic. 2. The effect of adrenaline, insulin, and adrenaline plus 
insulin on the net gas exchange of adipose tissue. Incubation 
medium: bicarbonate-buffered Ringer solution. Glucose con- 
centration, 90 mg per 100 ml; adrenaline concentration, 10 yg 
per ml; insulin concentration, 0.1 U per ml. In this experi- 
ment 4 pieces of tissue from one rat were used. Adrenaline, 
insulin, insulin + adrenaline, or 0.9% sodium chloride solution 
was added to the tissues after 30 minutes of incubation. 
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are shown here, each rat being represented in the figure by a 
different symbol. In the two experiments represented by 
squares (glucose present) and circles (glucose absent) the gas 
phase was 5% CO.-95% air. In these experiments the char- 
acteristic negative pressure response of adipose tissue is seen 
during the initial half-hour period. At the end of this time, 
adrenaline was added from the side arm to give a final con- 
centration of 10 ug per ml in those flasks so labeled in the fig- 
ure. An equal amount of 0.9% NaCl was added at the same 
time to the paired tissue in the control flasks. The pattern 
of the response to adrenaline in the two cases is the same. No 
immediate change in net gas exchange is seen, but after about 
40 minutes a change from a negative to a positive pressure 
response occurs. Expressed in terms of ul of COz per 100 mg 
wet weight of tissue this amounts to about 20 wl per hour. 
This response to adrenaline differs in two respects from that 
seen when insulin is added to this tissue. First, though insu- 
lin produces a similar shift from a negative to a positive net 
gas exchange, the response with insulin is seen within 10 min- 
utes after its addition (1); cf. also Fig. 2. Second, in the ab- 
sence of glucose no response to insulin is obtained (1). 

Under anaerobic conditions no response to adrenaline is seen. 
Such an experiment is shown in Fig. 1 where the gas phase 
was 5% CO.-95% Ne. All other conditions were the same as 
in the aerobic experiments except that glucose was present in 
both flasks. It can be seen that under these conditions, a 
positive pressure response was observed from the start of the 
experiment and the addition of adrenaline at 30 minutes caused 
no change in the rate of gas release. A positive pressure re- 
sponse of the type seen in this experiment could be due to 
the release of CO2 from the bicarbonate of the medium due 
to the formation of acid. Lactic acid determinations were there- 
fore done on the contents of the flasks at the end of the ex- 
periment. These revealed that 92% of the gas production (un- 
corrected for retention) could be accounted for by the reaction 
of this metabolite with the bicarbonate of the medium. 

Measurements of lactic acid production have also been per- 
formed in experiments run under aerobic conditions. The data 
are presented in Table I. It is seen that the addition of ad- 
renaline does increase lactic acid production even in the absence 
of glucose in the medium. This fact suggests that stimulation 
of tissue glycogen breakdown by adrenaline may be occurring 
(cf. (13)). However, much more lactic acid is produced when 
glucose is present in the medium and here again, adrenaline 
stimulates the process. In no case in the presence of adren- 
aline does the amount of extra lactic acid produced account 
for the excess gas produced. It would appear therefore that 
in addition to stimulating lactic acid production, adrenaline 
either brings about the release of another acid, e.g. fatty acid 
(4-6) or produces some change in metabolism which increases 
the R.Q. of the tissue. 

The combined action of adrenaline and insulin on the net 
gas exchange of adipose tissue is illustrated by the typical ex- 
periment presented in Fig. 2. In this experiment 4 pieces of 
tissue from a single rat were employed. The pattern of the 
response shown in this experiment by the addition of insulin 
or adrenaline alone is typical and has been discussed previously. 
If both insulin and adrenaline are added simultaneously an im- 
mediate but small release of gas is seen which is not evident 
with either hormone alone. This is followed by a linear re- 
lease of gas for a period of about an hour but at a rate much 
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less than that seen after the addition of insulin alone. There 
then occurs a further increase in rate and at a time interval 
not long after the delayed appearance in gas exchange such 
as is seen on the addition of adrenaline alone. Thus, these 
results show that adrenaline has the ability to modify mark- 
edly the response of this tissue to insulin and to impose upon 
it a metabolic pattern which is more characteristic of adren- 
aline than of insulin. The results strongly suggest that the 
synthesis of fatty acids from glucose which is normally brought 
about by the addition of insulin to this tissue, is interfered 
with by adrenaline. One way in which adrenaline might ac- 
complish this would be to prevent the increase in glucose up- 
take which is initiated by insulin in this tissue and this point 
was therefore investigated. 

Data on the glucose consumption, lactate production, and 
total gas exchange of tissue in the presence of adrenaline and 
insulin, alone and together, are presented in Fig. 3. Each of 
the experiments on a total of 18 rats summarized in this fig- 
ure were run in a manner similar to the one shown in Fig. 2, 
although certain conditions are different. First, a lower glu- 
cose concentration, 90 mg per 100 ml, was employed in order 
to facilitate the more accurate measurement of glucose con- 
sumption. Second, the medium contained 5% human serum 
albumin in order to bind any fatty acids released by the ac- 
tion of adrenaline on the tissue (cf. (4)). Additional details 
of these experiments are given in the figure legend. It should 
be emphasized that in these experiments comparisons of the 
effects of the hormones should be made with reference to the 
value for the control tissues in each case. Certain points 
brought out by these results may be noted. First, as seen 
from the,net gas exchange data for the control tissue, the pres- 
ence of glbumin in the medium does not alter the character- 
istic negative pressure response seen with this tissue in the 
absence of the hormones. Second, an effect of adrenaline on 
the net gas exchange is still seen in the presence of albumin 
in the medium though the magnitude of the response is smaller. 
Third, the addition of adrenaline increases glucose uptake more 
than 2-fold and, as shown before, increases lactic acid produc- 
tion. Here, however, the lactic acid production is sufficient to 
account for the excess gas production if the buffering effect 
of the albumin is not taken into consideration. Fourth, the 
addition of insulin markedly increases glucose uptake simulta- 
neously with its characteristic effect upon net gas exchange. 
Lactic acid production is not appreciably altered in the pres- 
ence of insulin in spite of the greater glucose utilization that 
occurs. Finally, in the presence of both adrenaline and insu- 
lin glucose uptake remains at a high level as compared to the 
control tissue, and is at a rate comparable to that seen with 
insulin alone. Under these conditions lactic acid production 
reaches its highest value and is sufficient to account for the 
largest part of the excess gas production. It would therefore 
appear that adrenaline does not interfere with the ability of 
insulin to stimulate glucose uptake by adipose tissue but that 
it exerts its effect by altering the fate of glucose after it has 
entered the tissue. 

Additional experiments were done in order to see whether 
adrenaline might antagonize the action of insulin on glucose 
uptake under different experimental conditions and when smaller 
concentrations of insulin were used. These experiments differed 
from those described above in that (a) insulin, 0.1 or 0.001 
U per ml, was added to both of paired tissues and at the same 
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TABLE I 


Effect of adrenaline on lactic acid production and net gas exchange 
of rat epididymal adipose tissue 


Lactic acid CO: 
Incuba- 

(1) (2) (3) (4) (5) (6) (7) 

min pmole/100 mg pmoles/100 mg 
No glucose 150 ~=§s- 0.018 | 0.123 | 0.105 1.03 10 
150 | 0.075 0.137 | 0.062 1.03 6 
Glucose 150 | 0.219 0.485 | 0.266 0.99 27 
360 mg/100 150 | 0.260 | 0.395 | 0.135 0.77 17 
ml 120 0.338 0.500 | 0.162 0.77 21 
150 | 0.370 | 0.850 | 0.480 0.81 59 
150 | 0.140 0.750 | 0.610 1.20 51 


* The percentage of the extra CO. produced under the influence 
of adrenaline that can be accounted for by extra lactic acid pro- 
duction: (column 5/column 6) X 100. 

All values are for the total incubation period shown. 


LACTIC ACID 
GLUCOSE UPTAKE NET GAS EXCHANGE 
PRODUCTION 
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Fig. 3. The effect of adrenaline, insulin, adrenaline + insulin 
on glucose uptake, net gas exchange and lactic acid produc- 
tion by rat epididymal adipose tissue. Incubation medium: bi- 
carbonate-buffered Ringer solution containing albumin (human) 
5%. Glucose concentration, 90 mg per 100 ml. Adrenaline con- 
centration, 10 wg per ml. Insulin concentration, 0.1 U per ml. 
Paired distal pieces of tissue were used in each experiment, one 
piece served as a control to which glucose was added at zero 
time, to the other was added glucose and hormone (or hormones) 
at zero time. Glucose uptake, net gas exchange and lactic acid 
production are expressed as wmoles per 100 mg tissue (wet weight) 
per hour and are calculated from the value obtained at the end 
of 3 hours’ incubation. The bars represent the mean of 6 ex- 
periments; the lines represent the standard error of the mean. 
A = adrenaline, J = insulin, AJ = adrenaline + insulin. The 
unlabeled bars represent the control values. The black portions 
of the bars under net gas exchange and the extra unmarked 
portions of the control bars represent that amount of carbon 
dioxide output attributable to lactic acid production. 


time adrenaline, 10 ug per ml, was added to one of the tissues; 
(b) glucose, 90 mg per 100 ml, was present in the main com- 
partment of the flask from the beginning of the incubation; 
(c) gelatin, 200 mg per 100 ml, was added to the medium in 
order to prevent any possible loss of insulin due to its adsorp- 
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Fic. 4. The effect of adrenaline on the action of insulin on 
glucose uptake, net gas exchange and lactic acid production 
by rat epididymal adipose tissue. Incubation medium: bicar- 
bonate-buffered Ringer solution containing gelatin, 200 mg per 
100 ml. Insulin concentration, 0.1 or 0.001 U per ml; adrenal- 
ine concentration, 10 wg per ml; glucose concentration, 90 mg 
per 100 ml. The glucose was added to the main compartment 
of the flask. Insulin was added at zero time to both of paired 
tissues; at the same a adrenaline was added to one of these 
tissues in addition. Net gas exchange was measured for 3 hours. 
Glucose uptake, net gas exchange, and lactic acid production 
are expressed as wmoles per 100 mg tissue (wet weight) per hour 
and are calculated from the value obtained after 3 hours of in- 
cubation. The bars represent the mean of two experiments. 
For comparison the effect of adrenaline alone in this incubation 
medium is also shown; in these experiments adrenaline, 10 ug 
per ml, was added to one of paired tissues and sodium chloride 
was added to the other. A = adrenaline, J = insulin, AJ = 
adrenaline + insulin. Unlabeled bars represent the control 
values. The black portions of the bars under net gas exchange 
and the extra unmarked portion of the unlabeled control bar 
represent that amount of the carbon dioxide output attributable 
to lactic acid production. 


tion on the glass vessels (1); (d) albumin was not present in 
the medium. The results of these experiments are shown in 
Fig. 4. Adrenaline did not alter the action of insulin on glu- 
cose uptake at either of the insulin concentrations used, nei- 
ther did the action of adrenaline itself on glucose uptake sum- 
mate with that of insulin. However, the increase in carbon 
dioxide output caused by insulin was reduced by adrenaline 
in these experiments to the level of the output seen with ad- 
renaline alone. Again lactic acid production was greater with 
adrenaline + insulin than with either adrenaline alone or in- 
sulin alone. 


DISCUSSION 


The results presented here indicate that adrenaline affects 
the metabolism of the rat epididymal fat pad in vitro. When 
added alone, adrenaline produces a delayed change in the net 
gas exchange of this tissue as measured in a bicarbonate medium 
such as to suggest either an increase in the R.Q. of the tissue 
to a value above 1.0 or the production of an acid which re- 
leases CO, from the medium. This change occurs in the pres- 
ence or absence of glucose in the medium. Adrenaline in- 
creases lactic acid production under both circumstances but 
the amount formed cannot account for all the excess gas pro- 
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duction. In addition, the metabolic pattern that is induced 
in the epididymal fat pad by insulin is altered by the simul- 
taneous addition of adrenaline. Not only is there a reduction 
by adrenaline of the total CO. output induced by insulin, but 
the largest part of the excess CO, that is released can be at- 
tributed to the marked increase in lactic acid formation that 
occurs in the presence of both hormones. At the same time 
the increased glucose uptake brought about by insulin re- 
mains unaffected. These findings suggest that the conversion 
of glucose to fatty acid induced in this tissue by insulin! hag 
been interfered with by adrenaline and that in its presence 
glucose metabolism has been diverted to the formation of other 
metabolic products.2 It would appear as if adrenaline had in- 
terfered with some step in glucose metabolism at a stage be- 
yond the formation of pyruvate. Whether this block occurs 
in the conversion of pyruvate to acetyl-CoA or of the latter 
to fatty acids is not evident from the data at present avail- 
able. 

It has been shown (4-6) that adrenaline stimulates the re- 
lease of fatty acids from adipose tissue. Whether fatty acid 
release is occurring in the experiments described here has not 
been determined. Though no answer can be given at this time 
the question must be asked as to what part fatty acid release 
may play in the metabolic changes observed here. In muscle 
it has been shown by Kipnis et al. (17) that glucose 6-phos- 
phate accumulates as a result of the acceleration of glyco- 
genolysis by adrenaline. Glucose 6-phosphate is an inhibitor 
of hexokinase (18). Recently Kipnis (19) has discussed the 
significance of these facts in relation to the intracellular accumu- 
lation of glucose in muscle that occurs when adrenaline is pres- 
ent. He has suggested that adrenaline by its indirect action 
on glucose phosphorylation may function in muscle as a “pro- 
tective restraint against excessive glucose utilization.” It is 
tempting to suggest that the fatty acids released by adrenaline 
in adipose tissue may serve a similar function in this glyco- 
gen poor tissue by blocking conversion of glucose to fatty acids. 

The effects of adrenaline on adipose tissue are not unlike 
those reported for its action on other tissues. Adrenaline de- 
creases fatty acid synthesis from acetate-1-C™ (7) and glucose- 
C™ (8) by liver slices. The fact that it also increases ketone 
body production in liver slices (9) suggests that here also ad- 
renaline may divert certain metabolic pathways. Berthet (9) 
has also reported that 3’,5’-AMP produces this same effect 
and has suggested that this compound may play a role in the 
action of adrenaline on lipid metabolism as well as in its ac- 
tion on the glycogen to glucose pathway. The idea that the 
sole function of adrenaline may be to accelerate the formation 


1In unpublished experiments performed with Dr. Albert Re- 
nold it has been found that there is a linear correlation between 
the amount of fatty acid synthesis induced by insulin as meas- 
ured by the incorporation of the radioactive carbon of glucose 
into fatty acids or its appearance as radioactive carbon diox- 
ide and the amount of total excess carbon dioxide measured 
manometrically. 

* During the course of the work reported here we have had 
the privilege of conferring at regular intervals with Drs. George 
Cahill, Albert Renold, and their coworkers. Simultaneously 
with our studies these investigators have been studying the 
action of adrenaline on the fate of radioactive glucose in adi- 
pose tissue. They also find that the conversion of glucose to 
fatty acids which is produced by insulin addition is inhibited 
by the presence of adrenaline. In addition, they find that more 
glucose is converted to glycerol under these conditions. 
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of 3’,5’-AMP which in turn acts to mobilize both glycogen 
and fat stores is an intriguing one. 


SUMMARY 


Adrenaline produces a delayed change in the net gas ex- 
change of the rat epididymal fat pad in vitro as measured in 
a bicarbonate medium. Part but not all of this change can 
be ascribed to an increased production of lactic acid. Adren- 
aline also alters the metabolic pattern induced in this tissue 
by insulin. A reduction in the total CO, output occurs and 
more lactic acid is formed. Since total glucose uptake is un- 
affected it is concluded that adrenaline diverts the metabolic 
pathway of the glucose taken up under the influence of insu- 
lin from fatty acid synthesis to other metabolic products such 
as lactic acid. 
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During an investigation of the metabolism of L-arabinose by 
Propionibacterium pentosaceum, D-arabinose 5-phosphate was 
found to accumulate in a reaction mixture containing a crude 
cell-free extract, L-arabinose, and adenosine triphosphate. In 
a report from this laboratory (1), it was demonstrated that 
L-arabinose was metabolized by this organism through the fol- 
lowing series of intermediates: 


L-Arabinose «+ L-ribulose + ATP — L-ribulose 5-phosphate 


p-ribulose 5-phosphate p-xylulose 5-phosphate 


| 
p-ribose 5-phosphate 
p-arabinose 5-phosphate 


As depicted in the above scheme, D-arabinose 5-phosphate 
is produced from p-ribulose 5-phosphate. The enzyme respon- 
sible for this conversion has been named phosphoarabinoiso- 
merase. 

The present report describes a procedure for the partial puri- 
fication of the isomerase as well as some of its properties. 


EXPERIMENTAL 


Materials and Methods—Arabinose-5-P! was prepared from 
glucosamine 6-phosphate and purified by ion exchange chroma- 
tography on Dowex 1-formate (2). Phosphoriboisomerase was 
prepared from spinach according to the procedure of Hurwitz 
et al. (3). Ribitol dehydrogenase was prepared from extracts 
of Aerobacter aerogenes according to a procedure of Fromm (4) 
as modified by Dr. W. A. Wood.?, Acid phosphatase was pre- 
pared from Polidase S according to the procedure of Hochster 
(5). 

Phosphate was determined by the method of Fiske and Sub- 
baRow (6), and protein by the procedure of Lowry et al. (7). 
Aldopentoses were assayed by the method of Mejbaum (8), 
and ketopentoses by the cysteine-carbazole determination of 
Dische and Borenfreund (9). Calcium phosphate gel was pre- 
pared according to the procedure of Keilin and Hartree (10). 

L-Ribulose-o-nitrophenylhydrazone* was used as a standard 
for free ribulose in the cysteine-carbazole test. To prepare a 


* This investigation was supported in part by a research grant, 
A-907, from the National Institute of Arthritis and Metabolic 
Diseases, United States Public Health Service. 

1The abbreviations used are: arabinose-5-P, pb-arabinose-5- 
phosphate; EDTA, ethylenediaminetetraacetate; DEAE-cellu- 
lose, N,N-diethylaminoethy!] cellulose. 

2 Personal communication. 

’ Gift from Dr. F. 8. Simpson. 


standard curve for p-ribulose-5-P, spinach phosphoriboisomerase 
was incubated at 37° with varying known amounts of ribose- 
5-P. After equilibrium was reached, cysteine-carbazole deter- 
minations were made, and the curve was plotted with the use 
of an equilibrium constant of 0.323 (11). 

Enzyme Assay—The assay for phosphoarabinoisomerase ac- 
tivity was carried out in Klett tubes as follows: 30 umoles 
of glycylglycine (pH 8.0), 2 uwmoles of arabinose-5-P, and en- 
zyme, in a total volume of 0.6 ml, were incubated at 37° for 
15 minutes, at which time cysteine-carbazole determinations 
were made. After an additional 30 minutes at 37°, the cys- 
teine-carbazole was read in a Klett-Summerson colorimeter with 
a 540 my filter. A tube from which the substrate was with- 
held until after the addition of the H.SO, reagent served as 
the control. 

Units of enzyme activity were calculated from the linear por- 
tion of the activity curve (Fig. 1). One unit of enzyme was 
defined as that amount of enzyme which formed 0.1 pymole 
of ribulose-5-P under the conditions of the assay. 

Purvfication of Enzyme—Proptionibactertum pentosaceum strain 
214 was grown as previously described (1). Cells were cen- 
trifuged from 18 liters of medium, washed with 0.001 m EDTA, 
pH 7.4, suspended in 0.001 m EDTA, pH 7.4, and disrupted 
for 30 minutes in a 10 ke. Raytheon sonic oscillator. After 
centrifugation, the sedimented cells were disrupted two addi- 
tional times. All subsequent operations were carried out at 
0-2°. 

The cell-free extract (284 ml, containing 18.8 mg of protein 
per ml) was diluted to 534 ml with 0.001 m EDTA, pH 7.4. 
Protamine sulfate (213 ml of 0.5% solution, pH 5.0) was added 
slowly with stirring. After 15 minutes, the suspension was 
centrifuged, and the precipitate was discarded. The superna- 
tant solution (685 ml) from the protamine treatment was made 
2.0 m by the addition of 761 ml of 3.75 m (NH4)2SO,, pH 7.0. 
After standing overnight at 2°, the precipitate was collected 
by centrifugation. The supernatant fluid was discarded. The 
precipitate was dissolved in 100 ml of 0.001 m EDTA, pH 7.4. 
Residual (NH4)2SO, was determined (12), and 23 ml of 3.75 
mM (NH,).SO,, pH 7.0, were added to bring the (NH,4)2SO, con- 
centration to 1.2 m. The suspension was centrifuged, and the 
resulting precipitate was discarded. The supernatant solution 
(119 ml) was brought to 2.0 m by the addition of 53.5 ml of 
3.75 M (NH4)2SO,, pH 7.0. 

The resulting precipitate was dissolved in 50 ml of 0.001 
mM EDTA, pH 7.4, and dialyzed for 3 hours against 8 liters 
of 0.001 m EDTA, pH 7.4. The dialyzed preparation (51 ml) 
was treated with 51 ml of Ca3(PO,)2 gel (10 mg dry weight 
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per ml). After 15 minutes, the gel suspension was centrifuged, 
and the gel was discarded. The supernatant solution was frac- 
tionated by the addition of 3.75 m (NH,4)2SO,., pH 7.0, and 
the protein precipitating between 1.6 m and 2.2 m (NH4).SO, 
was saved. This precipitate was dissolved in 20 ml of glass- 
distilled water and dialyzed for 4 hours against 8 liters of glass- 
distilled water. The final (NH4).SO, concentration of the en- 
zyme after dialysis was 0.04 m. The dialyzed material (17.5 
ml) was adsorbed on a DEAE-cellulose column (1.8 X 8.0 cm). 

Before use, the DEAE-cellulose column was washed with 500 
ml of 0.1 M potassium phosphate buffer, pH 7.0, followed by 
500 ml of glass-distilled water. After adsorption of the enzyme, 
the column was eluted with phosphate buffer. Double mixing 
flasks were arranged to obtain a straight line increase from 0 
to 0.2 Mm phosphate going through the column.‘ The flow rate 
through the column was approximately 1.0 ml per minute. The 
elution pattern is shown in Fig. 2. Table I summarizes the 
results of the purification of the enzyme. It should be noted 
that the initial steps down through the ammonium sulfate pre- 
cipitations are very reproducible. However both the Ca3(POx,)2 
gel adsorption and the DEAE-cellulose column yield variable 
results. It has been possible to achieve a 40-fold purification 
at the end of the Ca3(POx)2 gel adsorption. However, one must 
take approximately a 75% loss in total activity to achieve this 
result. Since the enzyme which isomerizes ribose-5-P to 
ribulose-5-P is readily adsorbed by the Ca3(PO,) gel, it is pos- 
sible to free the phosphoarabinoisomerase from this contaminat- 
ing enzyme at this step in the purification. The DEAE-cellu- 
lose column has also given variable results. The best single 
tube from a number of experiments contained enzyme with a 
specific activity of 1685. 

Unless stated otherwise, the following properties of the enzyme 
were determined with the active fraction from the DEAF-cellu- 
lose column. 

Stability and Characteristics of Enzyme—Thephosphoarabinoiso- 
merase seemed quite sensitive to heavy metal inactivation. All 
operations were carried out in 0.001 m EDTA, pH 7.4, in glass- 
distilled water. During the purification, the enzyme was least 
stable after the Ca3(PO,)2 gel adsorption and would frequently 
lose all or most of its activity within 24 hours at 2°. The enzyme 
eluted from the DEAE-cellulose column was similarly unstable, 
but could be stabilized and concentrated by dialysis under pres- 
sure against 0.001 m EDTA, pH 7.4. In one experiment the 
active fractions were pooled (106 ml containing 32 units per ml 
of enzyme), and after dialyzing against 0.001 m EDTA for 19 
hours under 12 to 14 pounds of pressure, the final volume was 23 
ml and contained 85 units of enzyme per ml. This dialyzed en- 
zyme (containing 0.08 mg of protein per ml) was stored in ice 
and assayed at intervals. After 14 days 62 units per ml of en- 
zyme remained. The A,, for phosphoarabinoisomerase was de- 
termined at 37°, pH 8.0, and was calculated to be 1.98 x 107%. 
Fig. 5 shows the curve for this calculation. 

Product of Arabinose-5-P Isomerization—A flask containing 
1000 umoles of arabinose-5-P, 10 mmoles of glycylglycine, pH 
8.0, and purified phosphoarabinoisomerase® (total protein 1.06 
mg), in a total volume of 300 ml was incubated at 37° for 45 
minutes. At the end of the incubation 183 umoles of ketopen- 


‘Dr. R. W. McGilvery, personal communication. 

* The phosphoarabinoisomerase used for this experiment was 
the supernatant fluid from the Ca;(PO,)2 gel step. This enzyme 
had a specific activity of 573 units per mg of protein. 
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Fic. 1. Activity curve. The assay system contained 30 umoles 
of glycylglycine buffer, pH 8.0, 2.0 umoles of arabinose-5-P, and 
enzyme as indicated, ina total volume of 0.6 ml. After 15 minutes 
at 37° a cysteine-carbazole determination was made. This color 
test was read after 30 minutes at 37°. (RU-5-P = ribulose-5-P.) 
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Fig. 2. Enzyme elution from DEAE-cellulose column (see text 
for details). O-——O, total protein; @——®@, enzyme activity. 


TABLE I 
Purification of phosphoarabinoisomerase 


Total | Puri- 


Protein activity units 


Enzyme fraction 


Crude extract............... 284 18.8 
Protamine treated........... 685 3.8 31.5 82,300 78 | 1.6 
2.0 mM (NH,)2SO, precipitate .|100 6.3 | 155 | 97,500 92/ 7.8 
1.2 to 2.0 m (NH,4)2SO, ppt..' 50 8.3 | 132 | 55,000 52) 6.7 
Supernatant fluid from 
Ca3(PO,)2 gel 87 1.7 
1.6 to 2.2 m (NH,)2SO, ppt..| 20 5.6 | 269 
Tube 42 from DEAE-cel- 
Total recovery from DEAE- 
cellulose (Tubes 30-55)..... 240 0.048) 810 


19.8 105,600; 100 


226 | 33,500 32 11.4 
30,000 28 (13.6 


9,300 


] 
| 
se 
C- 
or 
ns 
S- 
h 
h- 
as 
as 
le 
in 
A, 
od 
1i- 
at 
4. 
ed 
as 
0. 
od | | tion 
75 
N- 
he 
on 
of 
l) 


0.8- 
> 

= 0.6 - 

Zz 

° 0.4- 
al 

< 

Y 

a 

re) 


MINUTES 


Fic. 3. Enzymatic identification of the isomerization product 
of arabinose-5-P. Beckman cuvettes contained 100 umoles of 
Tris buffer, pH 7.4, 0.5 umole of DPNH, 0.1 ml of ribitol dehydro- 
genase, and 0.3 wmole of dephosphorylated ketopentose (calcu- 
lated as p-ribulose with the cysteine-carbazole determination). 
Total volume 3.0 ml. Arrow indicates addition of substrate. In 
8 minutes 0.294 umole of DPNH was oxidized. 
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Fig. 4. Effect of pH on the activity of phosphoarabinoisomer- 
ase. The assay contained 300 uwmoles of buffer, 2.0 umoles of 
arabinose-5-P, and 1.5 units of enzyme in a total volume of 0.9 
ml. After 30 minutes at 37°, cysteine-carbazole determinations 
were run. Citrate buffer was used for pH 6.0, and glycylglycine 
buffer at pH’s 7to9. (RU-5-P = ribulose-5-P.) 


Ss xX 10? 


Fic. 5. Lineweaver and Burk plot of reaction velocity as a 
function of arabinose-5-P concentration. The slope is 5.3, the 
intercept 10.5 X 107%, and K,, is calculated to be 1.98 & 1073. V 
is expressed as moles of ribulose-5-P formed in 2.0 minutes. The 
enzyme used has a specific activity of 422. 


tose were formed (calculated as ribulose 5-phosphate). The pH 
was adjusted to 5.0 with glacial acetic acid, and 600 mg of 
MgCl, and 3.0 ml of acid phosphatase were added. After 3 
hours at 30°, 988 umoles of inorganic phosphate were liberated. 
The mixture was treated with a few drops of Br2 to oxidize any 
residual aldopentose to the corresponding aldonic acid and was 
stirred for 30 minutes. The excess Br2 was removed by bubbling 
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N: through the solution for 45 minutes. The solution was de- 
ionized by the batchwise addition of Dowex 50 (H*) followed by 
Dowex 1 (formate). After lyophilization of the deionized solu- 
tion, 10 ml of water were added. This solution contained 60 
umoles of ketopentose calculated as ribulose. 


Paper chromatography of the ketopentose in two different 


solvents (80% phenol and ethyl acetate-acetic acid-water, 3:1:3) 
showed only one spot when developed with the trichloroacetic 
acid-orcinol spray of Klevstrand and Nordal (13). The keto- 
pentose could not be separated chromatographically from authen- 
tic p-ribulose. When the material was assayed with purified 
ribitol dehydrogenase, all of the ketopentose could be accounted 
for as D-ribulose (Fig. 3). Because the arabinose was phosphor- 
ylated in position 5, and because the product of arabinose-5-P 
isomerization yielded p-ribose 5-phosphate in the presence of the 
phosphoriboisomerase found in the crude extract, it is concluded 
that the p-ribulose phosphate formed from arabinose-5-P is also 
phosphorylated in position 5. 

Therefore, the product of isomerization of arabinose-5-P by 
this enzyme is D-ribulose 5-phosphate. 

pH Optimum—The optimum pH for the activity of phospho- 
arabinoisomerase is 8.0; however, the enzyme retains approxi- 
mately 90% of its activity at pH 7.5 and 8.5 (Fig. 4). 

Specificity and Inhibitors—Phosphoarabinoisomerase has no 
activity on the following compounds: L-arabinose, D-arabinose, 
p-xylose, D-ribose, D-ribose 5-phosphate, or glucose 6-phosphate. 
The cysteine-carbazole test was used to determine activity on all 
compounds except glucose 6-phosphate. For the latter, the Roe 
test (14) was used. 

A number of related compounds were tested for their ability 
to inhibit the action of the enzyme on arabinose-5-P. In all 
cases the concentration of the substance tested was 10 times that 
of arabinose-5-P in the assay. For each compound tested, a con- 
trol was included in which the test compound was added after 
the acid of the cysteine-carbazole test. The following com- 
pounds were found to be ineffective as inhibitors of phosphoa- 
rabinoisomerase: glucose 6-phosphate, ribose 5-phosphate, p- 
ribose, D-xylose, D-arabinose, L-arabinose, and EDTA. 

The enzyme was not inhibited in 0.0025 m iodoacetate, but 
there was a 31% inhibition of activity in 0.0012 m p-chloromer- 
curibenzoate. 

Equilibrium of Isomerization—Assays were set up to contain 
30 uwmoles of glycylglycine (pH 8.0), 20 units of enzyme, and 
varying amounts of arabinose-5-P, in a total of 0.9 ml. After 
30 minutes at 37°, cysteine-carbazole determinations were made, 
and the results compared with a standard curve for p-ribulose 
5-phosphate. From the data (Table I1), the equilibrium con- 
stant at 37° is calculated to be 0.295. As in the case of phospho- 
riboisomerase, the equilibrium is shifted toward the formation of 


TABLE II 
Equilibrium values at 37° 
| | come | 

pmoles pmole % 
0.50 0.114 22.8 0.295 
1.00 0.230 23 .0 0.299 
1.50 0.342 22.8 0.295 
2.00 0.453 22.6 0.293 

Average........ 22.8 0.295 
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ketopentose phosphate as the temperature of the enzymatic re- 
action is increased. 


DISCUSSION 


The intermediary metabolism of L-arabinose has been reported 
to follow either of two general pathways in bacteria. Pseudo- 
monas saccharophila has been reported to oxidize L-arabinose to 
t-arabonic acid (15), which is then oxidized indirectly to a-ke- 
toglutaric acid. A second mechanism for the dissimilation of 
t-arabinose was reported for Aerobacter aerogenes by Simpson et 
al. (16, 17) who demonstrated that L-arabinose was isomerized 
first to L-ribulose. The L-ribulose was phosphorylated to L-ribu- 
jose 5-phosphate, which in turn, was in equilibrium with p-xylu- 
lose 5-phosphate, as mediated by the enzyme, 4’-epimerase. The 
metabolism of L-arabinose by Propionibacterium pentosaceum was 
reported by Volk (1) to be identical to that reported for A. 
aerogenes by Simpson et al., except that arabinose-5-P was found 
to be one of the intermediary products. It was postulated that 
the arabinose-5-P arose from the isomerization of ribulose-5-P. 

Levin and Racker (18) report that arabinose-5-P can be formed 
from ribose-5-P by extracts of Pseudomonas aeruginosa. How- 
ever, their system is not the same as reported here since they 
report that ribose-5-P isomerase did not take part in this reaction. 
Although the work reported here would not exclude the direct 
formation of arabinose-5-P from ribose-5-P by P. pentosaceum, 
no evidence was observed for this reaction. 

Scott and Cohen (19) reported the formation of arabinose-5-P 
in the dissimilation of 6-phosphogluconate by yeast. It is not 
possible to know at this time whether the arabinose-5-P arose 
directly from ribose-5-P or occurred as a result of the isomeriza- 
tion of ribulose-5-P. 


SUMMARY 


1. An enzyme which isomerizes D-arabinose 5-phosphate to 
p-ribulose 5-phosphate in Propionibacterium pentosaceum has 
been described. | 
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2. This enzyme, phosphoarabinoisomerase, has no activity on 
the following compounds: p-arabinose, L-arabinose, p-ribose, 
D-xylose, D-ribose 5-phosphate, or glucose 6-phosphate. 

3. The equilibrium constant at 37° for p-arabinose 5-phosphate 
and pD-ribulose 5-phosphate is 0.295. 


Acknowledgment—The author is grateful to Miss Barbara J. 
Williamson for her technical assistance. 
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Several methods have been described for the determination of 
coenzyme A (1-5). Some of these methods were based on the 
microbiological assay of panthothenic acid (2, 4), or on some 
enzymatic reactions in which coenzyme A is needed in catalytic 
amounts (1, 3, 5). All of these methods involve rate measure- 
ments by which the response of unknown and standard samples 
are compared simultaneously. With the exception of the micro- 
biological methods (2, 4), none of the available methods can 
determine coenzyme A stoichiometrically. 

The present communication deals with a direct spectrophoto- 
metric assay method which depends upon the interaction of the 
fatty acid-activating enzyme (FAAE) studied by Mahler et al. 
(6), with ATP and sorbic acid according to the equation: 


sorbyl-CoA 


+ AMP + PP, 


The higher absorbancy of sorbyl-CoA at 300 my makes it 
possible to follow the reaction optically since none of the other 
components of the fatty acid activation system has appreciable 
absorption at this wave length. Another desirable feature about 
this reaction is the equilibrium constant which is near unity (6). 
Therefore it should be possible in the presence of excess ATP 
and sorbate to shift the equilibrium of the reaction completely 
in favor of the formation of sorbyl-CoA. This method is ap- 
plicable to both tissue extracts and highly purified CoA samples 
and requires very low amounts of CoA (1 to 10 mumoles). 


Sorbic acid + ATP + CoASH 


EXPERIMENTAL 


Materials and Methods 


The fatty acid-activating enzyme was prepared according to 
the procedure of Mahler et al. (6). The preparation used 
throughout this investigation had a protein concentration of 
10.5 mg per ml and a specific activity of 32.0 as defined by the 
same authors. The crude extract of the acetone powder of beef 
liver mitochondria was prepared as described previously (6). 

Sorbic acid (trans, trans-A?-*'*-5-hexadienoic acid) was a com- 
mercial product of the Eastman Kodak Company and was re- 
crystallized once from hot water and twice from petroleum ether. 
CoA samples of high purity were prepared according to the 
method of Beinert et al. (7). Acetone powders obtained during 


* Present address, The Department of Biochemistry, Duke 
University Medical Center, Durham, North Carolina. 
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the preparation of CoA by the same authors (7) were used as the 
sources of crude CoA. 

CoA was analyzed by several independent procedures for com- 
parison with the present method. The sulfanilamide method 
was used as described by Kaplan and Lipmann (1), and the 
formation of acethydroxamic acid in the presence of acetic thio- 
kinase, ATP, CoA, and hydroxylamine was determined according 
to Beinert et al. (8). The absorption of CoA at 257 my in 0.01 
N HCl and at 260 my in phosphate buffer at pH 7.0 (9) were 
measured and the concentration of CoA was calculated with 
extinction coefficients of 16.838 x 10% and 14.4 xX 103, respec- 
tively. Adenine was determined spectrophotometrically after 
acid hydrolysis of CoA in 1 N HCl (9). Ribose was analyzed 
according to the method of Brown (10) with AMP as a standard. 
Phosphate was determined by the method of Fiske and Subba- 
Row (11) after sulfuric acid-hydrogen peroxide digestion. CoA 
was reduced with sodium amalgam (0.5%) at pH 6.6 to 7.2 as 
described by Beinert et al. (7) and was kept under nitrogen. 

Other chemical reagents were commercial products which were 
used without further purification. 


RESULTS 


Spectral Properties of Sorbyl-CoA—Lynen and Ochoa (12, 13) 
in their studies on S-crotonyl-N-acetylthioethanolamine have 
shown that the absorption of crotonate in the ultraviolet region, 
which is due to the double bond, is shifted towards longer wave 
lengths with the binding of the unsaturated acid to a thiol group. 
The absorption band at 263 my for the S-crotony] ester was 

O 


attributed to the —C—S group and was a reflection of the reso- 
nance between the double bond and the thioester linkage. The 
same bond is found in the CoA derivatives of the a-§ unsatu- 
rated acids. 

In the course of our study on enoy] hydrase we have prepared 
various unsaturated acyl derivatives of CoA and their spectral 
properties have been studied. The results show that the position 
and the nature of the double bond is important for the appearance 
of the band at 263 mu. For instance, when the double bond is 
shifted to the B-y position as in the case of vinyl acetyl-CoA, 
there is no absorption at 263 mu. If, however, the a-6 double 
bond of the unsaturated fatty acid is in conjugation with another 
double bond in the carbon chain, as in the case of sorbic acid, the 
absorption band is shifted towards longer wave lengths, namely 
to a maximum of 296 mu (cf. Fig. 1). The appearance of the 
band is not affected by pH as in the case of acetoacetyl-CoA 
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(12, 13). Although the absorption of sorbyl-CoA at 300 my is 
unaffected by pH and is stable in the pH range of 2 to 10, at 
alkaline pH sorby]-CoA, in common with all thioesters of CoA, 
is readily hydrolyzed. This hydrolysis results in the complete 
disappearance of the band at 300 my as shown in Fig. 1, and 
the reappearance of the absorption of sorbic acid at 260 mu. 
The absorption at 300 my also disappeared when sorbyl-CoA 
was treated with hydroxylamine. In contrast to the effect on 
the absorption of acetoacetyl-CoA, Mg++ ions have no effect on 
the absorption band of sorbyl-CoA. 

A similar absorption maximum at 308 my can be demonstrated 
for B-chlorocrotony]l-CoA.! The spectral characteristics of this 
compound are very similar to those of sorbyl-CoA as far as re- 
sponse to pH and Mg** ions is concerned. The presence, there- 
fore, of the chloro-group in the 8-position with its high electro- 
negativity similar to the hydroxyl group in the enol form of 
acetoacetyl-CoA might account for the shift and intensification 
of the band. 

S-Sorbyl-N-acetylthioethanolamine was prepared by the 
method of Wieland and K6ppe (15). It showed an absorption 
maximum at 296 mu. On hydrolysis this band disappeared and 
the spectrum of sorbic acid was obtained. 

The extinction coefficient of sorbyl-CoA was determined by 
direct and indirect methods. The direct method was as follows: 
Sorbyl-CoA was prepared either enzymatically with the fatty 
acid-activating enzyme (6) or synthetically following the Wieland 
and K6éppe procedure (15). The compound was further puri- 
fied by paper chromatography in the isopropanol-pyridine-HzO 
system. The spot with R»r of 0.56 was eluted and rechromato- 
graphed this time in the acetate-enthanol system (16). Sorbyl- 
CoA (Rr 0.7) was eluted with H,O and the solution was lyophy]l- 
ized. The resulting white powder was analyzed for its spectrum 
and CoA content. Since the chromatographic procedures men- 
tioned above separate the acyl-CoA from free and oxidized CoA, 
it was reasonable, therefore, to assume that all the CoA present 
in such a powder was in the form of sorbyl-CoA. With this 
assumption the extinction coefficient for sorbyl-CoA at 300 mu 
was found to be 1.95 + 0.05 x 10’ (cm? X mole-'). 

The indirect method was based on the comparison of the net 
increase in absorbancy at 300 my when sorbyl-CoA was formed 
from a sample of CoA which had been thoroughly characterized. 
Table I shows two different samples of CoA which were analyzed 
by a variety of methods as used by Buyske e¢ al. (9). When all 
the CoA was converted to sotbyl-CoA, it was possible to calcu- 
late the molar extinction coefficient of sorbyl-CoA for the two 
samples. The average extinction coefficient so calculated was 
19 + 0.08 x 10’ (cm? X mole-!). This is in good agreement 
with the value obtained by the direct method. 

When the forementioned procedure was used in reverse, 1.e. 
the extinction coefficient was used to calculate the amount of CoA 
in an independently analyzed sample, the results compared 
reasonably well (cf. Table II). In this experiment the extinction 
coefficient of 1.93 107 was used. 


Assay of CoA 


Since the value of the extinction coefficient of sorbyl-CoA is 
very high, it can serve as the basis of a quantitative method for 
spectrophotometric assay in the presence of small amounts of 


1S. J. Wakil, unpublished results. 
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WAVE LENGTH (ma) 


Fic. 1. The absorption spectrum of sorbyl-CoA (O——O) and 
the hydrolyzed product of sorbyl-CoA (X——-X). Purified sor- 
byl-CoA, 0.04 umole, was dissolved in 1 ml of water (pH 7.0) and 
the spectrum was measured against the same buffer. Then enough 
alkali was added to give a final concentration of 0.1N KOH. At 
the end of 10 minutes at 38° an equivalent amount of acid (HCl) 
was added. The spectrum was remeasured. The values above 
were corrected for change in volume due to alkali and acid. 


TABLE I 


Determination of absorbancy of sorbyl-CoA derived from standard 
CoA samples 


Coenzyme A 
Methods of determining coenzyme A 
Sample I Sample II 
pmole umole 
Absorption at 260 mu (pH 7.0)..| 0.847 0.756 
Absorption at 260 my (pH 2.5)..| 0.784 
0.817 + 0.03 | 0.750 + 0.05 
Absorbancy of the sorbyl-CoA 
formed at 300 my for 1 ml of 
the CoA samples............. —«*215.4 14.5 
Extinction coefficient........... 1.89 XK 10° 1.93 10? 
Average extinction coefficient............ 1.91 + 0.08 XK 107 
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TABLE [I 
Analysis of CoA by various methods 
Ratio 
Methods of determining coenzyme A umoles /mg | (based on 
adenine) 

Pantothenic acid (microbiological)........ 0.82 0.93 
CoA by transacetylase.................... 0.85 0.97 
CoA by the sorbyl-CoA formation........| 0.88 

0.200; 
° 
410.100 
22° 
5 10 15 20 25 30 
TIME (MIN_) 


Fig. 2. Effect of temperature on the rate of formation of sorbyl- 
CoA as measured spectrophotometrically at 300 mu. The experi- 
ments were carried as follows: At temperature 38° (A——A) the 
reaction was performed exactly as described in the section of 
“Assay of CoA.’’ CoA, 8.7 mumole, and fatty acid-activating 
enzyme, 10 wg, were used. 

At temperature 22° (----) the reaction was carried out in a 
Beckman DU cuvette containing the same mixture above in a 
total volume of 1.0 ml. The measurements made directly on the 
mixture. 


© Reduced CoA 
x Oxidized CoA 
& Oxidized CoA+GSH 


my. MOLES OF CoA 


Fic. 3. Effect of concentration and reduction of CoA on the 
formation of sorbyl-CoA as measured spectrophotometrically at 
300 mp. The experiment was carried out exactly as described 
under “‘Assay of CoA.’’ The amounts of CoA used as indicated. 
Oxidized and reduced CoA were prepared as described in the text. 
Incubation time was 10 minutes at 38°. 


CoA. The following reaction mixture was used for the assay: 20 
umoles of 2-amino-2-methyl-1 ,3-propanediol buffer, pH 9.0, 2 
pmoles of MgCle, 5 umoles of ATP, 2 umoles of sorbate, and 2.0 
pmoles of reduced glutathione. To this mixture were added 10 
to 50 ul of a solution containing 1 to 10 mumoles of CoA and the 
reaction was started by the addition of 10 to 20 ug of fatty acid- 
activating enzyme. The total volume of the incubation mixture 
was 0.2 ml and a blank was prepared simultaneously containing 
all the components except CoA. Nitrogen gas was passed over 
the reaction mixture and the tubes were stoppered and incubated 
at 38° for 10 minutes. At the end of this time 0.8 ml of water 
was added, the contents were transferred to a 1-ml cuvette, and 
the optical density was measured at 300 my in a spectrophotom- 
eter (Beckman DU). In cases where very crude CoA prepara- 
tions were examined, correction had to be made for the absorp- 
tion of the CoA preparation at 300 my in presence of the other 
components of the reaction mixture. 

Incubation Time—It can be shown that under the above men- 
tioned conditions the formation of sorbyl-CoA as measured by 
the absorption at 300 my is initially proportional to time after 
the first 2 minutes. When all the CoA is converted to sorbyl- 
CoA, the rate levels off as shown in Fig. 2. The time needed for 
the complete conversion of CoA to the acyl-CoA is about 5 to 
10 minutes. The short time required for this assay is an improve- 
ment over some of the other methods of CoA assay. Incuba- 
tion for a longer period of time does not lead to any decrease in 
absorption at 300 my a fact which suggests that the sorbyl-CoA 
once formed does not undergo reactions such as deacylation or 
hydration. The fatty acid-activating enzyme employed in these 
experiments shows no deacylase activity on synthetic sorbyl- 
CoA and the sorbyl-CoA is not appreciably hydrated by enoyl 
hydrase under the conditions used. The extent of hydration of 
sorbyl-CoA is extremely small because of an unfavorable equilib- 
rium. However, this equilibrium can be shifted toward com- 
plete hydration in the presence of DPN and the L( +)-8-hydroxy- 
acyl dehydrogenase. Since the hydration reaction is virtually 
zero it is possible to use an activating enzyme of low purity 
instead of the highly purified enzyme which is free of enoy] hy- 
drase. When the crude extract of an acetone powder of beef 
liver mitochondria was used, the amount of CoA found in 
these experiments compared favorably with those of highly puri- 
fied fatty acid-activating enzyme. 

Temperature of Reaction—Routinely the reaction mixture is 
incubated at 38° for 10 minutes. This time is sufficient to acylate 
all the free CoA to sorbyl-CoA. Fig. 2 shows the effect of tem- 
perature on the reaction. At 38° the reaction is almost over at 
5 minutes whereas at room temperature (22°) 15 to 20 minutes 
are required, as shown in Fig. 2. For a quick assay it is, there- 
fore, desirable to incubate at 38°. 

Concentration of CoA—The effect of the concentration of CoA 
on the formation of sorbyl-CoA has been studied. The results 
of such studies (cf. Fig. 3) show that there is a strict proportional- 
ity between the concentration of CoA used and the increase in 
absorption at 300 my due to sorbyl-CoA formation. Under the 
conditions of the assay, therefore, microquantities of CoA (1 to 
15 mumoles) can be measured very easily. Thus, the present 
method can compare favorably with thé previously described 
assays. 

Oxidation State of CoA and Effect of Various Sulfhydryl Com- 
pounds—It is now an established fact that the free sulfhydryl 
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group of CoA is essential for the enzymatic formation of the 
various acyl-CoA derivatives. Therefore, it is necessary to re- 
duce the CoA before the activation of sorbic acid. Reduction 
can be accomplished by various methods. CoA can be reduced 
by sodium amalgam according to the procedure of Beinert e¢ al. 
(7). When CoA is prepared by this method care has to be exer- 
cised in order to avoid air oxidation of the CoA during handling 
and in the course of the reaction. In such cases it is essential, 
therefore, to carry on the reaction under Nz gas. CoA can be 
also reduced by the addition of an appropriate sulfhydryl com- 
pound during the course of the reaction. Fig. 3 shows the re- 
lationship between the concentration of reduced CoA and the 
formation of sorbyl thioester of CoA. When this same sample 
of reduced CoA is oxidized by the addition of hydrogen peroxide 
and the excess of hydrogen peroxide was decomposed by catalase, 
a considerable decline in the formation of sorbyl-CoA was ob- 
served. On the addition of reduced glutathione, CoA is recov- 
ered completely as shown in Fig. 3. The optimal concentration 
of GSH required for the complete reduction of CoA can be read 
off the curve in Fig. 4. Under these conditions between 0.5 to 
4 umoles of GSH are sufficient to reduce and maintain CoA in 
the reduced form during the course of the reaction. 

Glutathione can be replaced by various sulfhydryl compounds. 
Table III shows the relative effect of the various sulfhydryl com- 
pounds tried in these studies. It is of interest to note that cys- 
teine is inefficient in this capacity. Moreover it inhibits the 
reaction to the extent of 50%. This inhibition can be overcome 
partially by glutathione (cf. Table ITI). 

Purity of CoA Samples—This method can be applied at almost 
all purity levels of CoA. The CoA content of boiled crude tissue 
supernatant fluids and the acetone powder prepared during the 
preparation of CoA by the method of Beinert et al. (7) can be 
assayed easily by this method. With highly colored fractions, 
corrections had to be made for the absorbancy of the sample at 
300 mu. 

When crude tissue extracts are assayed for CoA, the sample is 
prepared as follows: The extract to be tested is adjusted to pH 
4.0 with hydrochloric acid and then boiled. This treatment wil] 
denature the proteins completely without effecting the CoA (9). 
The mixture is immediately cooled in ice and centrifuged. The 
clear supernatant fluid is used for the test. Table IV shows the 
results of such determinations on crude pigeon liver supernatant 
fluid prepared by this method. The amounts of CoA in these 
extracts compare reasonably well with values based on the for- 
mation of hydroxamic acid from acetate as described by Beinert 
et al. (8) and also with values based on the method of Van Korff 
(5) (cf. Table IV). 

Fatty Acid-activating Enzyme—It has been pointed out earlier 
that the net hydration of sorbyl-CoA by enoy] hydrase is vanish- 
ingly small and that the equilibrium can be shifted only by the 
addition of DPN and the L(+)-@-hydroxyacyl dehydrogenase. 
Thus crude preparations of the fatty acid-activating enzyme (6) 
can be used in this assay. When the crude extracts of the ace- 
tone powder of beef liver mitochondria (6) were used, the values 
obtained for the CoA samples were found to be about 10% 
lower than those obtained with the purified fatty acid-activating 
enzyme. This could be due to decomposition or destruction of 


the sorbyl-CoA by various contaminating enzymes. 
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Fig. 4. Effect of the concentration of reduced glutathione on 
the formation of sorbyl-CoA as measured spectrophotometrically 


at 300 mu. The experiment was carried out exactly as described 
in the section on ‘‘Assay of CoA;’’ 32 mumoles of CoA were used. 


TaB_LeE III 
Effect of various sulfhydryl compounds on formation of sorbyl-CoA 


The experiment was carried out as described in the text except 
that 8.35 mumoles of CoA were used and the 2.0 umoles of the vari- 
ous sulfhydryl compounded were added as indicated. 


Sulfhydryl compounds added aon 300 | 22° x 100° 
Oxidized CoA + reduced glutathione.....| 0.165 103 
Oxidized CoA + 2,3-dimercaptopropanol..| 0.160 100 
Oxidized CoA + thioglycine.............. 0.165 103 
Oxidized CoA + cysteine................. 0.081 50 
Oxidized CoA + cysteine and glutathione..| 0.105 64 


* The change in optical density obtained at 300 my in the pres- 
ence of reduced CoA is regarded as 100%. Other values are com- 
parative percentages. 


TABLE IV 
Assay for CoA in tissue extracts 
The experiments were carried out as described in the text. 
The crude pigeon liver supernatant was prepared according to 
the procedure of Wakil et al. (18) and the CoA extracts were pre- 
pared as described in the text. 


Method | CoA 


| 
pmoles/ml 
Van Korff’s method........ 0.87 
Acetate-activating method...... 1.00 
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SUMMARY 


A spectrophotometric assay for coenzyme A (CoA) is described 
which is based on the enzymatic activation of sorbate to sorbyl- 
CoA. This method can be applied to 1 to 15 mumoles of CoA. 
Sorbyl-CoA is determined spectrophotometrically at 300 my 
(E = 1.9 X 10’ cm? mole). Some properties of sorbyl-CoA 
are described. 


Acknowledgments—The authors are indebted to Dr. D. E. 
Green for his continued interest in this work and to Dr. H. Bei- 
nert for many discussions. 
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A new metabolic pathway for the metabolism of uronic acids 
in bacteria has been reported briefly (1-4). According to this 
reaction sequence, glucuronic and galacturonic acid are isomer- 
ized to form their corresponding keto-analogues, fructuronic and 
tagaturonic acid,! respectively. In the presence of reduced di- 
phosphopyridine nucleotide, fructuronic acid is reduced to D- 
mannonic acid whereas tagaturonic acid yields p-altronic acid. 
At this point, the dual pathway converges by means of a dehy- 
dration reaction whereby 2-keto-3-deoxy-p-gluconic acid is 
formed. The latter compound is phosphorylated by adenosine 
triphosphate to yield 2-keto-3-deoxy-6-phosphogluconic acid 
which, in turn, is cleaved to form pyruvic acid and triose phos- 
phate. The reaction scheme is illustrated in Fig. 1. 

The present paper is concerned with the purification and prop- 
erties of uronic acid isomerase, and with further documentation 
on the identity of the reaction products. 


MATERIALS 


Cultivation and Harvest of Bacteria—Escherichia coli (ATCC 
9637) was grown aerobically on a minimal salt medium contain- 
ing p-glucuronic or D-galacturonic acids as the sole carbon 
source. The growth medium contained potassium dihydrogen 
phosphate, 1.32%; ammonium sulfate, 0.2%; magnesium sul- 
fate, 0.02%; calcium chloride, 0.001%; ferric sulfate, 0.00005%; 
and potassium uronate, 0.8%. The final pH of medium was 
adjusted to 7.2. 

Flasks containing 250 ml of growth medium were inoculated 
with the organism which had been carried on glucose slants? and 
placed on a shaker for 18 hours at 37°. Five hundred milliliters 
of this culture were used to inoculate a carboy containing 15 
liters of the growth medium. Sterile air was dispersed through 
the medium during the growth period. The cells were har- 
vested after 18 hours at 37° with a Sharples centrifuge at 3° and 
washed twice with distilled water or 0.9% sodium chloride solu- 
tion. Each 100 g of cells were suspended in 100 ml of 0.1 Mm 
phosphate buffer, pH 7 to 7.5, containing 0.1% cysteine hydro- 


*Fellow of the Damon Runyon Memorial Fund for Cancer 
Research. Present address, Department of Pharmacology, Tufts 
University School of Medicine, Boston, Massachusetts. 

1 p-Tagaturonic acid may also be designated as 5-keto-p-altronic 
acid, 5-keto-L-galactonic acid, or systematically, p-arabino-5- 
hexulosonie acid. Similarly, p-fructuronic acid may be desig- 
nated as 5-keto-p-mannonic acid, 5-keto-L-gulonic acid, or p-lyxo- 
d-hexulosonie acid. 

?F. coli cultures were carried on yeast casein agar slants con- 
taining 1.0 g of yeast extract, 0.25 g of glucose, 1.5 g of agar, and 
200 mg of acid-hydrolyzed casein in 100 ml of water. 


chloride. The yield was approximately 4.0 g of cells (wet 
weight) per liter of culture medium. Cell-free extracts were 
prepared by disrupting the cell membranes in a 10 kc. Raytheon 
sonicator for 15 minutes at 0°. The cell fragments were re- 
moved by centrifugation and discarded. Cell-free extracts 
could be stored at —10° for several weeks. 

Materials—The crystalline calcium salt of p-tagaturonic was 
prepared according to the method of Ehrlich and Guttman (5). 
The calcium was removed by treatment with Dowex 50 (H*) 
and the free acid concentrated under reduced pressure and 
crystallized from ethanol; melting point, 108°-109°. 

Fructuronic acid was prepared by a slight modification of 
the above procedure. Five grams of p-glucuronic acid were 
suspended in a filtered solution containing 1.88 g of calcium 
hydroxide in 1.3 liters of water. An equal volume of absolute 
ethanol was then added, the solution allowed to stand overnight 
at 0-5°, and the calcium salt of fructuronic acid collected as a 
pale yellow amorphous powder. Upon removal of the calcium 
as above, repeated attempts to crystallize the free acid were 
unsuccessful. Consequently, the crystalline’ brucine salt of 
fructuronic acid was prepared (6) and recrystallized twice from 
ethanol; melting point, 195-197°. 

To regenerate pure fructuronic acid, the brucine salt was dis- 
solved in water, a stoichiometric amount of 1 N KOH added, and 
the insoluble brucine removed by 3 to 4 extractions with equal 
volumes of chloroform. The fructuronic acid so prepared 
yielded a single spot on paper chromatography and appeared to 
be completely free from contamination with glucuronic acid. 

p-Glucuronic and p-galacturonic acids were obtained from 
commercial sources and recrystallized before use. Alumina gel 
Cy was prepared as described by Willstatter et al. (7). All 
other substrates and cofactors were from commercial sources. 


METHODS 


Colorimetric Assay—Total uronic acid concentration was 
determined by the carbazole method of Dische (8). In this 
assay, glucuronic, tagaturonic, and fructuronic acid all react 
with approximately the same sensitivity. We are indebted to 
Dr. Z. Dische for providing us with the details, in advance of 
publication, of a new modification of the carbazole assay which 
is 5 times as sensitive for galacturonic acid as for glucuronic 
acid. In this modified carbazole procedure, both keturonic 
acids reacted with the same sensitivity as galacturonic acid; 
consequently, it provided a convenient means for following the 
conversion of glucuronic to fructuronic acid but could not be 
used for galacturonic to tagaturonic interconversions. 
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COOH CH,OH 
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Since neither of the above carbazole procedures, nor the or- 
cinol reaction (9) will distinguish galacturonic acid from tagatu- 
ronic acid, a modification of the naphthoresorcinol assay was 
devised for this purpose: to 1.0 ml of a solution containing an 
unknown mixture of galacturonic and tagaturonic acid were 
added 4.0 ml of HCl reagent (41 ml of concentrated HCI diluted 
to 100 ml with water) and 0.1 ml of a freshly prepared 10% 
alcoholic solution of naphthoresorcinol. The sample was placed 
in a boiling water bath for 5 minutes, cooled and extracted with 
4.0 ml of ethyl acetate. The organic solvent removed all of the 
pigment with the formation of a clear violet supernatant layer. 
All of the uronic acids exhibited an absorption peak at 570 mu. 
However, analysis of the spectrum produced by the various 
uronic acids revealed that both of the keturonic acids gave rise 
to secondary absorption bands. Consequently when the sam- 
ples were read at 570 and 650 muy, the AEs70-650 was zero for 
tagaturonic and fructuronic acid and strongly positive for the 
alduronic acids. Under these conditions, 0.10 umole of galac- 
turonic acid gave a AE 570-650 of 0.395 when read in a 1-cm cu- 
vette in the Beckman DU spectrophotometer. pv-Glucuronic 
acid was appreciably less sensitive giving a AE 570-650 of 0.082 for 
0.10 umole under similar conditions. This assay proved to be 
reproducible and proportional to the alduronic acid content of 
the sample over a wide range and to be unaffected by the pres- 
ence of an excess of the keturonic acids. As can be seen from 
the figures quoted, the assay is approximately 5 times as sensi- 
tive for galacturonic acid as for glucuronic acid. 

Enzyme Assay—The assay procedure involved incubation of 
galacturonic or glucuronic acid with the isomerase preparation 
in the presence of borate buffer. The keturonic acid so formed 
was measured quantitatively with either altronic or mannonic 
dehydrogenase in the presence of DPNH at 340 muy in a Beck- 
man DU spectrophotometer. The respective dehydrogenases 


were prepared free from uronic acid isomerase for this purpose 
(10). 

The incubation mixture contained 40 umoles of borate buffer, 
pH 8.0; 5.0 uwmoles of alduronic acid; and isomerase in a total 


volume of 1.0 ml. The mixture was incubated for 10 minutes 
at 37° and the reaction stopped by heating for 1 minute in a 
boiling water bath. 

A suitable aliquot of the heated mixture was added to a 1-cm 
cuvette containing 0.1 umole of DPNH; 50 umoles of phosphate 
buffer, pH 6.0; 2.0 umoles of ethylenediaminetetraacetate; and 
an excess of the appropriate dehydrogenase in a total volume of 
1.0 ml. The decrease in absorption at 340 my was a stoichio- 
metric measure of the amount of tagaturonic and fructuronic 
acid formed. The assay was proportional to increasing amounts 
of the isomerase (Fig. 2). A unit is defined as that amount of 
enzyme capable of forming 1.0 umole of keturonic acid per 10 
minutes under the conditions of the assay. 


Purification of Uronic Acid Isomerase 


Manganese Step—To 36 ml of the thawed, cell-free extract of 
uronic acid-adapted EL. coli, 2 to 3 ml of 1 mM MnCl. were added, 
with stirring, and the mixture allowed to stand at 0°. In order 
to determine the optimum concentration of manganese chloride, 
it was found advantageous to titrate each new enzyme prepara- 
tion. Maximum purification was usually obtained by the addi- 
tion of 0.08 ml of 1 m MnCl, per ml of crude extract. After 
standing for 1 hour at 0°, the heavy gelatinous precipitate was 
diluted with an equal volume of water and centrifuged. The 
pellet was washed with a small amount of water, centrifuged, 
and discarded. The washings and the supernatant solutions 
were combined. 

Heat Step—The supernatant solution from the manganese 
step was placed in a 70° water bath and stirred gently until the 
temperature reached 55° and then immediately transferred to 
an ice bath and cooled to 0°. The coagulated protein was re- 
moved by centrifugation. 

Ammonium Sulfate—The heat-treated enzyme (72 ml) was 
made 50% saturated by the addition of 20.6 g of ammonium 
sulfate. After standing 20 minutes at 0°, the precipitate was 
removed by centrifugation and discarded. The ammonium 
sulfate concentration of the supernatant solution was then in- 
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Fic. 2. Proportionality of the assay for uronic acid isomerase. The assay conditions are described in the text. The protein con- 
centrations given are from the purified preparation. The left plot represents the effect of enzyme concentration on the reaction 
velocity with galacturonic acid as substrate and the right plot with glucuronic acid. 


creased to 60% of saturation by an additional 4.55 g of ammo- 
nium sulfate and the mixture kept at 0° for 30 minutes. The 
precipitate was collected and dissolved in a small amount of 
cold distilled water. 3 

Acetone Fractionation—To 5 ml of the ammonium sulfate 
fraction, chilled in an ice-ethanol mixture, an equal volume of 
cold acetone (—14°) was added slowly and with stirring. Dur- 
ing the course of the addition, the temperature of the mixture 
gradually fell to —8°. The precipitate was centrifuged at —14° 
and dissolved in cold distilled water. This preparation was 


_ dialyzed overnight against 4 liters of distilled water at 3°. An 
inactive precipitate which formed was removed by centrifuga- 


tion. 

Alumina Gel Cy—To 6.3 ml of the dialyzed acetone fraction, 
containing 1.6 mg of protein per ml were added 10 mg of alumina 
gel Cy. After standing 15 to 20 minutes at 0 to 3°, the suspen- 
sion was centrifuged and the supernatant solution discarded. 
The gel was washed with 6 ml of cold water and then suspended 
for 15 to 20 minutes in 6 ml of 0.1 m phosphate buffer, pH 6.6. 
This extract was collected and the gel resuspended in 6 ml of 
0.1 m phosphate buffer, pH 7.0, and again centrifuged. The 
bulk of the activity was usually recovered in the first phosphate 
elution. This preparation, representing an 80-fold purification, 
was stable indefinitely when stored at —10°. A summary of 
the purification procedure is given in Table I. 


Properties of Enzyme 


Stability—Preparations of uronic acid isomerase are extremely 
stable and may be safely stored at any point in the purification 
procedure. The enzyme has been kept at 0-3° for several 
months without loss in activity. 

pH Optimum—The isomerase reaction proceeds with maxi- 
mum velocity in borate buffer in the pH range of 8.0 to 8.5 
(Fig. 3). 

Specificity—The adaptive formation of uronic acid isomerase 
in E. colt was equally well elicited by either galacturonic or 
glucuronic acid and the purified enzyme isolated from galactu- 
ronate-grown cells appeared identical in every way to that ob- 
tained from the glucuronate-grown cells. Furthermore, the 


ratio of activities toward both substrates remained unchanged 
throughout the entire purification procedure. 


An attempt was made to discern whether, under conditions 
where the enzyme was limiting, a preferential utilization of one 
substrate at the expense of the other could be demonstrated. 
From the data in Table II, it can be seen that when both sub- 
strates were incubated together, approximately equal amounts 
of tagaturonic and fructuronic were formed. Under these con- 
ditions, the sum of the two keturonic acids formed was equal to 
that appearing when glucuronic or galacturonic acids were in- 
cubated separately. This evidence is in accord with the findings 
of Takagi et al. (11) and it appears probable that both activities 
are catalyzed by one enzyme. 


TABLE 
Purification of uronic acid isomerase 
Fraction Volume | Protein /Total units|Specific activity 
ml mg juntts/mg protein 
Crude extract........... 36 1490 80, 000 53.5 
Manganese step......... 79 530 75,000 142 
Ammonium sulfate...... 5 50 62,000 1256 
Acetone fractionation....| 6.3 10 29, 200 2560 
Alumina gel Cy eluate...| 6 4.5 | 19,200 4280 
GALACTURONIC GLUCURONIC 
= 2400 
2000}- 
a. 1600r 
1200; 
=> 800F 
5 


60 70 80 9060 70 80 90 
pH pH 


Fic. 3. Effect of pH on the velocity of the uronic acid isomerase 
with galacturonic or glucuronic acids as substrate. The incu- 
bation mixture contained 40 umoles of borate buffer, 5.0 umoles of 
uronic acid, and 0.17 ug of the purified enzyme in a final volume 
of 1.0 ml. The samples were incubated 10 minutes and the reac- 
tion stopped by boiling. The appearance of keturonic acid was 
determined as described in the text. 
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TABLE II 
Relative activity of uronic acid isomerase upon 
galacturonic and glucuronic acid* 


Tube No. 'Glucuronic acid pe acid 
pmoles pmoles pmoles pmoles 
1 10 0 1.73 0 
2 0 10 0 1.90 
3 10 10 1.08 0.86 


* Assays were carried out as described in the section on ‘‘Meth- 
ods.”’ 


TABLE III 
Effect of inhibitors on uronic acid isomerase 


Inhibitors Concentration | Inhibition 
mole % 
2-Mercaptoethanol..................... 10-3 90 
o-Phenanthroline...................... 10-3 90 
Ethylenediaminetetraacetate........... 10-? 90 
p-Chloromercuribenzoate.............. 10-3 50 
10-5 90 
T T T T 
O 
: 
60 120 180 240 


TIME IN MINUTES 


Fic. 4. Equilibrium between galacturonic and tagaturonic 
acids in phosphate buffer, pH 8.0, 4.0 wmoles of galacturonic or 
tagaturonic acid, and the purified enzyme in a total volume of 
1.0 ml. All samples were incubated 10 minutes at 37° before the 
addition of the substrate. Reaction was stopped by.boiling for 
1 minute and tagaturonic acid concentration was determined 
enzymatically as described in the text. 


The enzyme was inactive toward similar concentrations of 
D-mannuronic, L-iduronic, 5-keto-p-gluconic, and 2-keto-p-glu- 
conic acid. With p-glucose, p-fructose, L-sorbose, D-arabinose, 
D-ribose, or D-ribose 5-phosphate as substrates, no evidence for 
an isomerization reaction could be detected. 

Inhibitors—A study of the effect of inhibitors upon the uronic 
acid isomerase revealed a striking inhibition by a variety of 
compounds such as sodium cyanide, cysteine, 2-mercaptoethanol, 
ethylenediaminetetraacetate, and p-chloromercuribenzoate (Ta- 
ble III). Since the reaction was routinely carried out at pH 


Uronic Acid Isomerase in E. coli 


Vol. 235, No. 6 


8.0 to 8.5 in borate buffer, it was thought that the inhibition 
caused by cysteine and 2-mercaptoethanol might be ascribed to 
their ability to act as chelating agents at this pH. Glutathione, 
however, was without effect. 

In an attempt to demonstrate a specific metal requirement, 
the enzyme was dialyzed against several changes of 10-? y» 
NaCN for 3 days. However, no loss in enzyme activity was 
noted. Similar results were obtained when the enzyme was 
dialyzed against 10-? m ethylenediaminetetraacetate and 10-3 
m 8-hydroxyquinoline. Consequently, the mechanism of the 
inhibition reaction is not clear. 

Equilibrium Studies—In phosphate buffer, pH 8.0, the equilib- 
rium ratio of p-galacturonic to p-tagaturonic acid was found to 
be 80:20. The equilibrium mixture was approached readily 
from either direction (Fig. 4). On the other hand, in borate 
buffer, pH 8.0, the concentration of p-galacturonic and p-tagatu- 
ronic acid was found to be about equal (Fig. 5). It should be 
noted that the rate of conversion of tagaturonic acid to galactu- 
ronic acid was considerably slower than the reverse reaction. 

A study of the glucuronic-fructuronic equilibrium exhibited 
marked differences. In phosphate buffer, pH 8.0, the ratio of 
glucuronic to fructuronic acid was 55:45, whereas in borate 
buffer, pH 8.0, more than 98% of glucuronic acid was converted 
to p-fructuronic acid (Figs. 6 and 7). The reverse reaction could 
not be detected. 

Effect of Substrate Concentration—The effect of substrate con- 
centration on the enzymatic activity was determined in borate 
buffer, pH 8.0. The K,, value for p-galacturonic acid was cal- 
culated to be 1.65 * 10-3 m and for p-tagaturonic acid, 0.75 x 
10-3 m. The K,, for p-glucuronic acid was calculated to be 
3.7 X 10-3 m. Under the conditions of this assay it was im- 
possible to detect a conversion of p-fructuronic to p-glucuronic 
acid. 


Characterization of Reaction Products 


Isolation—Fifty micromoles of glucuronic-1-C™ acid (2.6 ye) 
were dissolved in 20 ml of 0.1 m phosphate buffer, pH 7.6, and 
incubated for 60 minutes at 37° with an excess of a partially 
purified isomerase preparation. The reaction was stopped by 
the addition of 1.0 ml of 60% perchloric acid. The precipitate 
was removed by centrifugation and the supernatant solution 
adjusted to pH 8.3 with 1 n KOH. After chilling and again 
centrifuging to remove the insoluble potassium perchlorate, the 
mixture was added to a Dowex 1-formate column (1.2 * 15 cm), 
washed with 15 ml of cold water, and eluted with 0.01 m formic 
acid. Fig. 8 illustrates the elution pattern. The tubes under 
each peak were pooled separately and concentrated to a syrup 
under reduced pressure at 50°. Peak 2 (Tubes 240 to 300) 
proved to be fructuronic acid and Peak 3 (Tubes 360 to 500) 
glucuronic acid. The small radioactive peak appearing early 
in the elution diagram was not identified. Subsequent experi- 
ments with a more highly purified enzyme preparation yielded 
only the latter two peaks. 

Dowex 1-formate chromatography of the incubation mixture 
obtained from galacturonic acid exhibited a similar elution pat- 
tern in which the faster moving component proved to be tagatu- 
ronic acid and the slower material, galacturonic acid. In this 
case, since radioactive galacturonic acid was not available, elu- 
tion of the uronic acids from the column was followed by means 
of the orcinol reaction (9). 

Identification—The isolated reaction products obtained from 
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Fic. 6. Determination of the equilibrium mixture of glucuronic 
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as described in Fig. 4. 
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Fig. 8. Separation of fructuronic and glucuronic acids on a 
Dowex 1-formate column. 
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glucuronic and galacturonic acids, respectively, gave a strongly 
positive test for uronic acid as determined by the carbazole (8) 
or orcinol (9) assay. However, the fact that both compounds 
proved stable to bromine oxidation, under conditions where the 
corresponding alduronic acids were completely destroyed, pro- 
vided the first evidence that the product might be a keto- rather 
than an alduronic acid. Upon treatment with periodic acid 
under acidic conditions (12) no formaldehyde was liberated and 
the presence of a terminal glycol grouping was presumed unlikely. 

The periodate consumption at pH 6.2 was measured spectro- 
photometrically (13) and the results compared with authentic 
fructuronic and tagaturonic acids under identical conditions. 
The data on periodate uptake as well as formaldehyde and gly- 
colic acid production are summarized in Table IV. It can be 
seen that the metabolic products react to periodate oxidation 
exactly as do the synthetic keturonic acids. 

Further evidence for the identification of the enzymatic reac- 
tion products was provided by reduction to the corresponding 
hexonic acids with potassium borohydride. Since each keturonic 
acid yields two epimeric acids, D-tagaturonic acid is converted 


TABLE IV 
Periodate oxidation 
Am HsIO HCHO | Glycolic 
Compound added. utilized® formed 
umole umole umole 
Metabolic fructuronic..... 0.292 3.5 0.008 0.31 
Authentic p-fructuronic.... 0.25 3.5 0.01 0.30 
Metabolic tagaturonic....| 0.254 3.2 0.01 0.25 
Authentic p-tagaturonic..| 0.226 3.1 0.005 0.20 
Glycolic acid............. 1.0 0 0 1.0 


* Expressed as umoles of H;10. consumed per umole of com- 
pound added. 
t Glycolic acid determined by method described in (14). 


TABLE V 
Ryat values of various sugar acids 
The chromatograms were allowed to develop for 12 to 18 hours 
at room temperature with a descending solvent. The figures 
given above represent the R,za values (relative rates of migration © 
of the various compounds compared to galactonolactone which is 
assigned a value of 1.00). 


Solvent 
Compound 

4° 2t 
1. Gluecuronic acid................... 0.42 0.46 
2. Glucuronolactone................. 1.10 1.25 
3. Galacturonic acid................. 0.33 0.85 
4. Fructuronic acid.................. 0.64 0.62 
5. Tagaturonic acid.................. 0.59 0.62 
6. Mannonolactone.................. 0.91 1.12 
7. Altronolactone.................... 1.09 1.32 
8. Gulonolactone....... 0.89 0.84 
9. Galactonolactone................. 1.00 1.00 
10. 2-Keto-3-deoxygluconic acid....... 0.75 1.16 


* Solvent 1: Ethyl acetate-pyridine-water-acetic acid (5:5:3:1). 
t Solvent 2: Ethyl acetate-acetic acid-water (3:1:3). 
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to a mixture of p-altronic acid and L-galactonic acids. Similarly, 
p-fructuronic acid forms D-mannonic and L-gulonic acid. 

Two micromoles of the unknown compounds were dissolved 
in 0.5 ml of water and adjusted to neutrality with 0.1 m NazCOs. 
Six milligrams of sodium borohydride were added in 2 mg batches 
at 20-minute intervals. After 2 hours, the excess borohydride 
was discharged with Dowex 50 (H*), centrifuged, and the solu- 
tion concentrated to dryness. The residue was taken up in 2 ml 
of methanol and again evaporated to dryness to remove boric 
acid. The methanol treatment was repeated two more times. 
The residue was then dissolved in a small amount of water, 
heated to 100° in the presence of 1 Nn HCl to insure complete 
lactonization, and chromatographed in 2 different solvent sys- 
tems. The reduction products were visualized by means of the 
hydroxylamine-FeCl; (15) and the silver nitrate spray reactions 
(16). Although no single solvent system was found which was 
capable of resolving the four theoretical hexonolactones, it was 
possible to demonstrate unequivocally that only mannono- and 
gulonolactone resulted from fructuronic reduction and that only 
altrono- and galactonolactone were formed from tagaturonic 
acid. The solvent systems employed were (1) ethyl acetate- 
acetic acid-water (3:1:3) and (2) ethyl acetate-pyridine-water- 
acetic acid (5:5:3:1) (Table V). 

Incubation of synthetic tagaturonic and fructuronic acid with 
the enzyme resulted in the rapid utilization of the keturonic 
acid together with the appearance of the corresponding alduronic 
acid. This was readily demonstrated by paper chromatography, 
the modified carbazole and naphthoresorcinol reactions (see 
““Methods’”’) and by the specific enzymatic assay employing 
altronic and mannonic dehydrogenases (10). 

The crystalline brucine derivative (5) of the metabolic taga- 
turonic acid was prepared; melting point 148-149°. Upon re- 
crystallization of this derivative with an equal amount of au- 
thentic brucine tagaturonate, the melting point remained 
unchanged. Similarly, the brucine derivative of the metabolic 
fructuronic acid (6) was prepared; melting point 195-196°. 
Here, too, the melting point remained unchanged when mixed 
with authentic brucine fructuronate. 


DISCUSSION 


The long held belief that uronic acid metabolism proceeds 
by a direct decarboxylation resulting in the formation of the 
corresponding pentoses (17) was clearly repudiated by Cohen in 
1949 (18). In this work, the K-12 strain of E. coli adapted to 
glucuronic and galacturonic acid was shown to be incapable of 
metabolizing the homologous pentoses, and it was concluded 
that neither p-xylose nor L-arabinose were on the pathway of 
uronic acid metabolism in bacteria. At that time no attempt 
was made to determine an alternate metabolic sequence. Sub- 
sequently, after the identification of L-gulonic and t-galactonic 
acids as the primary products of uronic acid metabolism in plants 
and animals (19-21), Starr et al. (22) reported that cell-free 
extracts of Erwinia carotovara and Aerobacter cloacae, which had 
been adapted to glucuronic and galacturonic acid, catalyzed the 
pyridine nucleotide-linked reduction of these uronic acids with 
the direct formation of L-gulonic and L-galactonic acids. 

The first realization that this formulation might be doubly 
incorrect and that the bacterial utilization of uronic acids differed 
markedly from that of the mammalian system was established 
by the identification of fructuronic and tagaturonic acids as the 
initial reaction products and of D-mannonic and pb-altronic acids 
as the subsequent reduction product in extracts of E. coli (1-3). 
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The initial isomerization reaction was independently reported 
by three groups (11, 23, 24) although the identification of the 
hexonic acids resulting from the reduction of the keturonic acids 
remained in error. This was subsequently corrected by Kilgore 
and Starr (25, 26) who independently confirmed the identifica- 
tion of D-mannonic and p-altronic acid. 

A preliminary note on the purification of the uronic isomerase 
by Takagi et al. (11) has recently appeared in which mention 
was made of an earlier observation in the Japanese literature 
concerning the identification of tagaturonic acid as a product of 
glucuronic acid metabolism in E. colt (27). This report, which 
was unknown to us at the time, postulates the conversion of glu- 
curonic to galacturonic acid followed by the formation of taga- 
turonic acid. In accord with Takagi, we have been unable to 
obtain evidence for the direct conversion of glucuronic to galactu- 
ronic acid in this system. However, it should be pointed out 
that the work of Watanabe and Arai (27) appears to be the first 
report of tagaturonic acid as a biochemically active intermediate, 


SUMMARY 


A complete pathway of glucuronic and galacturonic acid 
metabolism has been described in cell-free preparations of uronic 
acid-grown Escherichia coli. The first step in this reaction se- 
quence is an isomerization of the alduronic to a ketouronic acid, 
1.€. 

p-Glucuronic acid = p-fructuronic acid 


p-Galacturonic acid = p-tagaturonic acid 


The identification of the reaction products has been docu- 
mented and the enzyme, uronic acid isomerase, partially purified. 
Investigation of the properties of the purified preparation indi- 
cate that it appears to be a single enzyme capable of induction 
by either glucuronic or galacturonic acids. No activity with 
D-mannuronic, L-iduronic, or 5-keto-p-gluconic acid could be 
detected. 
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A reaction sequence for the bacterial utilization of glucuronic 
and galacturonic acid has been outlined in the preceding report 
(1). The present paper is concerned with the purification and 
properties of the enzymes catalyzing the reduced diphospho- 
pyridine nucleotide-linked reduction of tagaturonic and fructu- 
ronic acids as illustrated below (Reactions 1 and 2). 


CH.OH CH.OH 
HOCH 
on + DPNH + H* = + DPN* 
HCOH 
p-Fructuronic acid p-Mannonic acid (1) 
CH.OH CH,.OH 
HOCH 
ron oe + DPNH + H* = HOCH + DPN* 
coon coon 
p-Tagaturonic acid p-Altronic acid (2) 


MATERIALS AND METHODS 


Cell-free extracts of Escherichia coli (ATCC 9637), adapted to 
p-galacturonic and p-glucuronic acids were prepared as described 
previously (1). A sample of authentic p-mannonolactone was 
generously provided by Dr. H. 8S. Isbell of the National Bureau 
of Standards. Subsequently larger amounts of the crystalline 
material were prepared by the bromine oxidation of D-mannose. 
The lactone was converted to the potassium salt by the addition 
of stoichiometric amounts of 1 N KOH and warming for 15 to 20 
minutes until the final pH of the solution remained at 7.0. Syn- 
thetic calcium p-altronate was a gift from Dr. J. Pratt of this 


Institute. The free acid was generated from the calcium salt by 
exchange on a Dowex 50 (Ht+) resin and neutralized with 1 n 
KOH before use. Tagaturonic and fructuronic acids were pre- 
pared as described previously. All other substrates and co- 
factors were obtained from commercial sources. 

Analytical Procedures—Methods for the determination of taga- 
turonic and fructuronic acid have been described (1). Altronic 
and mannonic acids were converted to their lactones by boiling 
2 minutes in 1 N HCl and determined by the hydroxamate 
method of Lipmann and Tuttle (2). Protein was measured by 
the phenol method (3) and by the optical method of Warburg 
and Christian (4). 

Enzyme Assay—Enzymatic activities were followed by ob- 
serving the rate of oxidation of reduced pyridine nucleotide at 
340 my in the Beckman DU spectrophotometer with p-tagatu- 
ronic or D-fructuronic acid as substrate. Corrections were made 
for DPNH oxidation in the absence of substrate. A unit is 
defined as that amount of enzyme required to give an optical 
density change of 1.0 per minute at 340 my. The reaction 
velocity was proportional to increasing amounts of enzyme as 
illustrated in Figs. 1 and 2. 


Purification of Altronic Dehydrogenase 


Protamine Sulfate—To 34 ml of the cell free extract from either 
glucuronate or galacturonate grown E. coli were added 488 mg 
of ammonium sulfate and 51 ml (1.5 volumes) of a 1% protamine 
solution. The solution was centrifuged immediately and the 
pellet discarded. 

Heat Step—The above fraction (72 ml) was placed in a 70° 
bath, stirred gently until the temperature reached 55°, and im- 
mediately chilled in an ice bath. The precipitate was removed 
by centrifugation and discarded. 

Ammonium Sulfate—To 68 ml of the heated extract were 
added 15.3 g of solid ammonium sulfate to bring the concentra- 
tion to 40% of saturation. After standing 15 to 20 minutes 
at 0° the precipitate was removed by centrifugation and dis- 
carded. The supernatant solution was then treated with an- 
other 4.3 g of ammonium sulfate (50% of saturation), the pre- 
cipitate collected and dissolved in water. This fraction, which 
contained the bulk of the dehydrogenase activity, was dialyzed 
overnight against 3 liters of distilled water at 0°. An inactive 
precipitate formed which was removed by centrifugation. 

Alumina Gel Cy—To 8.2 ml of the dialyzed enzyme contain- 
ing a total of 32.8 mg of protein was added an equal weight of 
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alumina gel Cy. In order to minimize volume changes 1.6 ml 
of the gel suspension (20 mg dry weight per ml) were centrifuged, 
the suspending fluid discarded, and the enzyme suspended 
directly in the gel. After standing for 15 minutes at 0° the solu- 
tion was centrifuged and the gel saved for subsequent eluation. 
This extraction procedure was repeated exactly as above four or 
five times. Each gel residue was then eluted separately with 
8 ml of a 10% (weight per volume) ammonium sulfate solution. 
The bulk of the activity was usually recovered in the eluate of 
the gel from the second or third extraction. 

The over-all procedure resulted in a purification of approxi- 
mately 40-fold (Table I). The final preparation was free from 
uronic acid isomerase activity. Altronic dehydrogenase can be 
prepared from extracts of cells grown on either glucuronic or 
galacturonic acid. ‘These preparations, obtained from galactu- 
ronic grown cells, are free from mannonic dehydrogenase activity. 
However, those obtained from glucuronic extracts contain both 
activities. 


Purvfication of Mannonic Dehydrogenase 


Due to a lower activity of the mannonic dehydrogenase in the 
extracts of cells grown on galacturonic acid it was necessary to 
prepare this enzyme from organisms grown on glucuronic acid. 

Manganese Chloride—To 35 ml of the cell-free extract of glucu- 
ronic acid adapted E. coli, 2 to 3 ml of 1 M MnCl, were added, 
with stirring, and the mixture allowed to stand at 0°. Maximum 
purification was usually obtained with 0.06 ml of 1 mM MnCl, per 
ml of crude extract. After 1 hour, the solution was diluted 
with an equal volume of water and centrifuged. The precipitate 
was washed with a small amount of water and the supernatant 
solution and washing combined. 

Alumina Gel Cy—The manganese supernatant solution (72 
ml), containing 780 mg of protein was diluted to 2.5 times its 
volume with cold distilled water and extracted with 61 ml of 
alumina gel Cy (12.7 mg dry weight per ml). After standing 15 
minutes at 0° the gel was removed by centrifugation and dis- 
carded. 

Ammonium Sulfate—In order to prevent destruction of the 
enzyme activity it was necessary to carry out the ammonium 
sulfate fractionation in the presence of 0.1% cysteine. 

To 216 ml of the solution described above were added 218 
ml of cysteine HC] and 500 mg of K,HPO, dissolved in 2 ml of 
water. The solution was then brought to 60% of saturation 
by the addition of 63 g of ammonium sulfate. After standing 
approximately 20 minutes at 0° the precipitate was removed by 
centrifugation and discarded. The ammonium sulfate concen- 
tration was then increased to 70% of saturation by an additional 
15.2 g of solid ammonium sulfate and the precipitate collected 
as above and dissolved in water. 

Calctum Phosphate Gel—The above fraction was then diluted 
with water to give an ammonium sulfate concentration of 7.5% 
of saturation as measured with a Barnstead purity meter, and 
treated with calcium phosphate gel. Since the purification 


achieved in this procedure was due to adsorption of inactive 
protein, the ammonium sulfate concentration was critical. In 
order to avoid further dilution of the enzyme, the gel suspension 
was centrifuged before use and the suspending fluid discarded. 
Hence, 8 ml of enzyme were diluted to 20 ml with water and ex- 
tracted with 480 mg of calcium phosphate gel (protein to gel 
ratio, 1:6). 


After standing 20 minutes at 0° the solution was 
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Fic. 1. Proportionality of the assay for altronic dehydrogen- 
ase. The reaction mixture contained 20 uwmoles of phosphate 
buffer, pH 6.0, 0.1 umole of DPNH, 1.0 umole of tagaturonie acid, 
and appropriate dilution of the altronic dehydrogenase (ammo- 
nium sulfate fraction) in a total volume of 1.0 ml. The points 
represent the average change in optical density over a period of 
1 to 5 minutes after the addition of enzyme. 
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Fic. 2. Reaction rate and enzyme concentration of mannonic 
dehydrogenase. The reaction mixture contained 20 yumoles of 
phosphate buffer, pH 6.0, 5 wmoles of mercaptoethanol, 10 wmoles 
of ethylenediaminetetraacetic acid, 0.1 wmole of DPNH, 3.0 
umoles of p-fructuronic acid, and enzyme (alumina gel Cy frac- 
tion) in a total volume of 1.0 ml. All values were corrected for | 
blanks in the absence of substrate. 


TABLE I 
Purification of altronic dehydrogenase 


Fraction Volume Protein | Total units | Specific activity 

ml mg units/mg protein 
Crude extract............ 34 1500 | 102,000 68 
Protamine supernatant...) 57 520 | 116,000 224 
68 285 | 113,000 395 
Ammonium sulfate....... 11.5 52 | 48,500 930 
Alumina gel Cy eluate..... 10 8 21,800 2730 


centrifuged and the gel rejected. The final preparation was 
approximately 40-fold purified (Table II). 

The mannonic dehydrogenase so prepared was free from uronic 
acid isomerase; however, as mentioned earlier, this enzyme could 
not be resolved from the associated altronic dehydrogenase. 
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TaBLeE II 
Purification of mannonic dehydrogenase 
Fraction ‘Volume | Protein /Total units! Specific activity 
ml mg units/mg protein 
Crude extract............. 35 | 1450 | 37,800 26 
Manganese................ 72 780 | 57,200 74 
Alumina gel Cy............ 216 | 302 | 47,500 158 
Ammonium sulfate......... 8 80 | 45,800 572 
Calcium phosphate gel..... 16 53.5] 20,000 770 
500 
400 
E 300 
WWJ 
a 
200 
za 
100 
4.0 5.0 6.0 7.0 8.0 9.0 


pH 


Fic. 3. The effect of pH on reaction velocity. The reaction 
mixture contained 50 wmoles of phosphate buffer, 10 wmoles of 
Versene, 5 umoles of 2-mercaptoethanol, 0.1 umole of DPNH, 3.0 
umoles of p-fructuronic acid, and 0.1 ug of enzyme (alumina gel 
Cy fraction) in a total volume of 1.0 ml. All values were cor- 
rected for blanks in the absence of substrate. 


TaBLeE III 
Effect of p-chloromercuribenzoate on dehydrogenase activities 


Activity 
Concentration 
Altronic Mannonic 
dehydrogenase dehydrogenase 
mole/I| % % 
40 0 
10-5 100 0 
10-6 100 40 
Properties of Enzymes 


Stability—(a) Altronic dehydrogenase proved to be a mod- 
erately stable enzyme and has been stored for periods in excess 
of 1 month at +3° or frozen at —10°. 

(6) Mannonic dehydrogenase, on the other hand, rapidly 
loses activity upon dialysis, mild heating, and exposure to a pH 
of 6.5 or lower. The addition of cysteine (10-* m) at a pH of 
7.0 stabilized the enzyme sufficiently so that it retained activity 
from 1 to 2 weeks at 3°. Freezing and thawing completely 
destroyed the activity. 

Effect of pH—Maximum activity with both altronic and man- 
nonic dehydrogenase was obtained at pH 6.0. The reaction 
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with fructuronic acid and mannonic dehydrogenase is illustrated 
in Fig. 3. 

Specifictty—(a) Altronic dehydrogenase was active with taga- 
turonic acid, alone, as substrate. Among the substrates tested 
and found to be inactive were fructuronic, 5-keto-p-gluconic, 
glucuronic, galacturonic, mannuronic acid, and iduronic acids. 
In the reverse direction, at pH 9.0, p-altronic acid reacted with 
DPN to form tagaturonic acid. At equilibrium, approximately 
10% of the keturonic acid was formed. p-Mannonic, L-gulonic, 
and L-galactonic were completely inert. 

(6) Mannonic dehydrogenase exhibited approximately equal 
activity towards both fructuronic and tagaturonic acid in the 
forward reaction and toward p-mannonic and p-altronic in the 
reverse direction. All other compounds tested were inactive. 

Both enzymes were completely inactive when TPNH was 
substituted for DPNH in the reaction mixtures. 

Inhibitors and Activators—(a) Altronic dehydrogenase was 
unaffected by fluoride (10-? m) and iodoacetate (10-* m). p.- 
Chloromercuribenzoate at 10-4 m produced a slight inhibition 
(Table III). No cofactors or compounds capable of stimulating 
the activity of the enzyme were found. 

(6) Mannonic dehydrogenase was similarly unaffected by flu- 
oride and iodoacetate; however, in the presence of p-chloromer- 
curibenzoate at 10-5 m, the enzyme was completely inactive. 
With the more highly purified preparations, addition of either 
ethylenediaminetetraacetic acid or 2-mercaptoethanol produced 
a marked stimulation of activity. Thus, ethylenediaminetetra- 
acetic acid at 1.5 < 10-2 m or 2-mercaptoethanol at 5 x 107 
M more than doubled the activity of the unfortified enzyme. 
When both of the activators were added to the incubation mix- 
ture at their optimum concentrations, the reaction velocity was 
the same as that found when each compound was added sepa- 
rately. Although the mannonic dehydrogenase was not acti- 
vated by cysteine or glutathione, cysteine (10-* mg) served to 
stabilize the preparations. Ethylenediaminetetraacetic acid and 
2-mercaptoethanol, on the other hand, were ineffective in stabi- 
lizing the enzymatic activity. 

Stoichiometry—The purified dehydrogenase, free from uronic 
acid isomerase, proved to be a convenient tool for the analytical 
determination of the keturonic acids. p-Altronic dehydrogenase 
reacts specifically and stoichiometrically with tagaturonic alone 


or in mixtures. The assay is proportional in the range of 0.01 - 


to 0.10 umole (Table IV). Since the mannonic dehydrogenase 
was active towards tagaturonic acid, as well as fructuronic acid, 
the over-all reduction observed was an accurate measure of the 
sum of both keturonic acids present. The application of this 
assay to mixtures of the uronic acids is illustrated in Table IV. 

Effect of Substrate Concentration—Maximum velocity deter- 
minations were carried out for tagaturonic and fructuronic acids 
under conditions where the concentration of DPNH was satu- 
rating. ‘The data were plotted by the method of Lineweaver 
and Burk (5). The K,, value for p-tagaturonic acid and the 
altronic dehydrogenase was 1 X 10-4 m (Fig. 4) whereas the Kn 
for p-fructuronic acid and the mannonic dehydrogenase was 1 X 
10-3 m (Fig. 5). 


Identification of Reaction Products 


p-Altronic Acid—Twenty micromoles of crystalline p-tagatu- 
ronic acid were added to 2.0 ml of water containing 40 umoles 
of Tris buffer, pH 7.0, 30 mg of DPNH, and 0.05 ml of the 
The sam- 


altronic dehydrogenase (ammonium sulfate fraction). 
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ples were placed in a water bath at 37° and the reaction allowed 
to go to completion. After 20 minutes the reaction was stopped 
by the addition of 0.15 ml of 100% trichloroacetic acid, protein 
was removed by centrifugation and washed with 10 ml of water. 
The supernatant solution and washing were combined and treated 
with 0.5 g of acid-washed charcoal. The charcoal was allowed 
to stand for 20 minutes at 0°, removed by filtration and washed 
with 10 ml of water. The combined filtrate and washings were 
extracted three times with 20 ml of ether to remove trichloro- 
acetic acid and concentrated to dryness under reduced pressure 
at 50°. The residue was dissolved in 5.0 ml of water, treated 
with Dowex 50 (H*), and concentrated to 0.8 ml, thus effectively 
Jactonizing any hexonic acid present. 

The reaction product was negative towards the carbazole (6) 
and orcinol assay (7) for uronic acids, but gave a strongly posi- 
tive hydroxamate reaction (2) indicating the presence of a 
lactone. Upon paper chromatography, the unknown material 
cochromatographed with synthetic p-altronolactone and could 
be differentiated from D-mannonic, L-gulonic, and L-galactonic 
acid. The solvent systems employed were ethyl acetate-acetic 
acid-H,O (3:1:3) and ethyl acetate-pyridine-water-acetic acid 
(5:5:3:1). The crystalline phenylhydrazide was prepared (8) 
and found to give the characteristic melting point of 150—152° 
which remained unchanged when mixed with a similar derivative 
prepared from authentic p-altronic acid. 

Mannonic Acid—Twenty micromoles of p-fructuronic acid 
were added to 2.0 ml of water containing 50 umoles of phosphate 
buffer, pH 6.0, 20 umoles of Versene (ethylenediaminetetraace- 
tate), 2.0 umoles of 2-mercaptoethanol, 25 mg of DPNH, and 
0.04 ml of mannonic dehydrogenase (ammonium sulfate fraction). 
The mixture was incubated at 37° and reaction stopped after 
10 minutes by the addition of 0.2 ml of 50% trichloroacetic acid. 
The protein was removed by centrifugation and washed with 
water. The combined supernatant solution and wash was then 
treated as described above for the isolation of altronic acid and 
concentrated to 0.3 ml. 

The enzymatic product obtained from fructuronic acid be- 
haved essentially as that described above for p-altronic acid 
with the exception that it cochromatographed with synthetic 
D-mannonolactone. The crystalline phenylhydrazide was pre- 
pared (8) and found to give the characteristic melting point 


TABLE IV 
Stoichiometry of altronic and mannonic dehydrogenase reactions* 
DPNH oxidized 
Substrate added 
Altronic Mannonic 
dehydrogenase dehydrogenase 
pmole pmole umole 
1. p-Fructuronic.......... 0.034 0 0.035 
2. p-Tagaturonic......... 0.038 0.038 0.038 
3. D-Tagaturonic......... 0.017 0.017 0.038 
D-fructuronic.......... 0.021 

4. p-Galacturonic......... 1.0 0 0 
5. D-Glucuronic........... 1.0 0 <0.002 


* The assay mixture contained 50 wmoles of phosphate buffer, 
pH 6.0, 20 umoles of Versene, 0.12 pymole of DPNH, and approxi- 
mately 1.0 unit of the purified preparation of the dehydrogenase 
in a total volume of 1.0 ml. The reaction was followed at 340 
mu and was complete in 10 minutes. 
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Fic. 4. The effect of p-tagaturonic acid concentration on the 
reaction velocity with the altronic dehydrogenase where the 
DPNH concentration was kept in excess. Assay conditions were 
as described in text. 
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DPNH concentration was kept in excess. Assay conditions were 
as described in text. 


210-212° which remained unchanged when mixed with a similar 
derivative prepared from authentic D-mannonic acid. 


DISCUSSION 


It is now quite clear that the bacterial utilization of uronic — 
acid differs quite markedly from that seen in either plant or 
animal tissues. In mammalian kidney and liver preparations, 
both glucuronic and galacturonic are reduced by a TPNH- 
linked dehydrogenase with the formation of L-gulonic and L- 
galactonic acid, respectively (9, 10). Subsequent conversion of 
L-gulonic acid to L-xylulose and t-gulonolactone to L-ascorbic 
acid have been demonstrated (11, 12). This reaction sequence 
is shown below. 


p-Glucuronic t-gulonic DPN 3-keto-L-gulonic 
acid acid : acid 


p-Glucurono- L-gulono- 
lactone lactone 


L-xylulose + CO, 


2-keto-L-gulono- 
lactone 


L-ascorbic acid 
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In all of the bacterial systems so far examined, an isomeriza- 
tion step precedes the reduction to the hexonic acids and 
characteristically the p-hexonic acids are formed. 

Partly as a result of the confusion resulting from uncertainty 
as to the nature of the reduction products in the bacterial system, 
the nomenclature of the enzymes acting upon the uronic acids 
is somewhat ambiguous. The term “uronic acid reductase” 
has been used to describe the mammalian as well as the bacterial 
system. Subsequently, before it was realized that two separate 
enzymes were involved, the name “‘keto-uronic reductase” was 
employed. 

This nomenclature appears inappropriate for several reasons. 
In the first place, it is associated with the original erroneous 
identification of the bacterial reduction products as L-gulonic 
and L-galactonic acid (13-15). Secondly, this designation is not 
sufficiently specific since from the present work, it is clear that 
each of these reactions is catalyzed by a separate enzyme. Fi- 
nally, the enzymes responsible for these reactions fall more 
readily into the classification of dehydrogenases rather than into 
that of reductases. Consequently, the names D-mannonic acid 
dehydrogenase and p-altronic acid dehydrogenase are proposed 
and this nomenclature has been followed in the present papers. 
To further differentiate the mammalian and bacterial systems, 
the name L-gulonic (TPN) dehydrogenase has been suggested for 
the kidney enzyme acting upon p-glucuronic acid (11). 


SUMMARY 


The enzymes p-altronic acid dehydrogenase and p-mannonic 
acid dehydrogenase which catalyze the reduced diphesphopyri- 
dine nucleotide-linked reduction of tagaturonic and fructuronic 
acid respectively have been isolated in partially purified form 
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from uronic acid-grown Escherichia coli. A study of their prop. 
erties has revealed that they are separate enzymes with markedly 
distinct properties. Neither is present to any significant extent 
in glucose-grown cells. However, growth on glucuronic acid 
appears to induce both enzymes equally well while on galactu- 
ronic acid, the titer of D-mannonic acid dehydrogenase is very 
low compared to that of the p-altronic acid dehydrogenase. 
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The preceding papers in this series (1, 2) have described the 
enzymatic formation of D-altronic and p-mannonic acid in uronic 
acid adapted Escherichia coli. The present paper is concerned 
with the purification and properties of the two specific hexonic 
dehydrases catalyzing the irreversible formation of 2-keto-3- 
deoxy-D-gluconic acid (KDG) as shown below. 


COOH COOH COOH 
HOCH b—o HOCH 
HCOH —H,0_ bu, HOCH 
Fett HCOH HCOH 
HCOOH HCOH 
H.OH H.OH 
p-Altronic acid KDG p-Mannonic 
acid 


MATERIALS AND METHODS 


Cell-free extracts of E. coli (ATCC 9637), adapted to p-galac- 
turonic or pD-glucuronic acid, were prepared as described previ- 
ously (1). A sample of authentic p-mannonolactone was gener- 
ously provided by Dr. H. S. Isbell of the National Bureau of 
Standards. Subsequently, larger amounts of the crystalline 
material were prepared by the bromine oxidation of D-mannose. 
Synthetic calcium D-altronate was a gift from Dr. J Pratt of this 
Institute. The free acid was generated from the calcium salt by 
exchange on a Dowex 50 (H*) resin. p-Altronic acid-1-C™ was 
synthesized by the cyanohydrin reaction (3). Alumina gel Cy 
was prepared as described by Willstatter et al. (4). N,N-Di- 
ethylaminoethy] cellulose and all other substrates and cofactors 
were obtained from commercial sources. 

Analytical Procedures—vb-Mannonic and p-altronic acid were 
converted to their lactones by boiling for 2 minutes in 1 N HCl 
and determined by the hydroxamate procedure of Lipmann and 
Tuttle (5). Ketodeoxygluconate was measured by the extremely 
sensitive method of Waravdekar and Saslaw (6) as modified by 
Weissbach and Hurwitz (7). The optical density was read at 
549 mu and standardized against an authentic sample of the cal- 
clum salt of KDG! which was generously furnished by Dr. Saul 
Roseman. Under these conditions, 0.01 umole of KDG gave a 
reading of 0.290 optical density units on the Beckman DU 


' The abbreviations used are: KDG, ketodeoxygluconate; 
DEAE-cellulose, N,N-diethylaminoethy] cellulose. 


spectrophotometer. Protein analyses were performed by the 
phenol method (8) and by the trichloroacetic acid method (9). 

Assay conditions for the determinations of p-altronic and p- 
mannonic acid dehydrase are given in the legend to Fig. 1, which 
illustrates the proportionality of the assay to increasing amounts 
of enzyme. At appropriate enzyme concentrations, the forma- 
tion of KDG was also proportional to the time of incubation 
until over 80% of the substrate had been utilized. 


ENZYME PURIFICATION 


p-Altronic Acid Dehydrase 


The cell-free extract, obtained by sonic disintegration of E. coli 
grown on D-galacturonic or D-glucuronic acid, could be stored for 
several weeks at —15° without apparent loss in activity. During 
purification, however, the extract was not refrozen, but kept at 
0-5° with minimal losses of activity. Protein was measured tur- 
bidimetrically (9) since the high concentration of 2-mercaptoeth- 
anol in the incubation mixture caused interference when the 
phenol determination was employed. 

Ammonium Sulfate—To 20 ml of the thawed, crude extract, 
containing 775 mg of protein, were added 6.7 ml of an ammonium 
sulfate solution? and the mixture allowed to stand for 10 to 15 
minutes in an ice bath before centrifuging. The precipitate was 
discarded and another 15 ml of the ammonium sulfate added to 
the supernatant solution. After standing for an additional 15 
minutes at 0°, the mixture was again centrifuged and the pre- 
cipitate dissolved in 20 ml of 0.01 m phosphate buffer, pH 7.4, 
containing 0.10 m mercaptoethanol. This fraction which con- 
tained the bulk of the activity was then dialyzed overnight at 
0° against 4 liters of the same buffer solution. 

Alumina Cy I—The resultant 32 ml, containing 375 mg of 
protein, were mixed with 300 mg of alumina gel Cy, allowed to 
stand for 10 minutes at 0° and centrifuged. The supernatant 
solution was discarded and the gel washed with 32 ml of 0.005 
M phosphate, pH 7.4, containing 0.1 Mm mercaptoethanol; the wash 
was discarded. The gel was then extracted with 32 ml of 0.02 
M phosphate in 0.1 M mercaptoethanol, pH 7.4, centrifuged, and 
the slightly yellow extract again dialyzed overnight at 0° against 
4 liters of 0.01 m phosphate, pH 7.4, containing 0.1 m mercapto- 
ethanol. 


2 A saturated solution of ammonium sulfate (0°) was prepared 
containing 0.01 m ethylenediaminetetraacetate and 0.10 mM mer- 
captoethanol, and to which a small amount of ammonium hy- 
droxide had been added to bring the pH to 7.3. 
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Fic. la. Assay method for p-altronic dehydrase. The reaction 
mixture contained 20 wmoles of glycylglycine buffer, pH 7.6, 4 
wmoles of cysteine, 0.4 wmoles of FeSO,, 5 wmoles of potassium 
p-altronate in a volume of 0.5 ml. Enzyme additions were as 
indicated. The mixture was incubated at 37° for 10 minutes, 
then stopped by addition of 0.5 ml 10% trichloroacetic acid. The 
supernatant solution was assayed directly for the formation of 
KDG (7). A unit is defined as that amount of enzyme capable 
of forming 1 umole of KDG per 10 minutes under the above con- 
ditions. 

1b. Assay method for p-mannonic dehydrase. The reaction 
mixture contained 20 ywmoles of phosphate buffer, pH 5.4, 0.5 
pmole of CoSQ,, and 5 uwmoles of potassium D-mannonate in a 
total volume of 0.5 ml. Incubation time and conditions, tri- 
chloroacetic acid addition, assay method and definition of a unit 
of enzyme activity are the same as in Fig. la. 


TABLE I 
Purification of p-altronic dehydrase 


Fraction Volume Protein (Totalunits) Specific activity 

ml mg units/mg protein 
Crude extract........ 20 775 3040 3.9 
Ammonium sulfate.... 32 375 2000 5.3 
Alumina Cy I......... 32 33.5 641 19.4 
Alumina Cy II........ 32 19.8 610 31.3 
Alumina Cy III....... 5 1.3 383 58.0 

TABLE II 


Purification of p-mannonic dehydrase 


Fraction Volume | Protein /|Total units; Specific activity 

ml mg units/mg protein 
Crude extract.......... 40 1288 22,000 16.8 
via 14.4 98 5, 220 53.2 
Alumina Cy............ 14.6 8.7 | 1,460 168.0 
DEAE column.......... 22.0 2.2 850 386.0 


Alumina Cy II—The dialyzed enzyme solution containing 
33.5 mg of protein was added to 47.5 mg of alumina gel Cy, 
mixed, and allowed to stand for 10 minutes at 0° before centri- 
fuging. The residue gel was rejected. Essentially all of the 
activity remained in the supernatant solution. 

Alumina Cy III—To the clear solution from the above gel 
treatment, containing 19.8 mg of protein, were added another 
180 mg of alumina gel Cy, mixed and allowed to stand for 10 
minutes at 0° before centrifuging. The supernatant solution 
was discarded and the gel eluted with 5 ml of 0.05 m phosphate, 
pH 7.4, containing 0.10 M mercaptoethanol. This preparation 
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represented a purification of approximately 15-fold. The yield 
and specific activity of each step are given in Table I. 


p-Mannonic Acid Dehydrase 


Cell-free extracts of EH. coli grown on p-glucuronic acid were 
thawed immediately before use. Protein determinations were 
made by the phenol method (8) throughout. 

Manganese Chloride—To 40 ml of the above extract, 2 ml of 1 
M MnCl, were added with constant stirring and the mixture al- 
lowed to stand for 1 hour at 0°. The thick, gelatinous suspen- 
sion was diluted by the addition of 40 ml of distilled water before 
centrifugation. The precipitate, resuspended in 10 ml of water, 
was centrifuged and the wash combined with the original super- 
natant solution. 

Heat Precipitation—The pooled extracts from the above step 
were brought rapidly to 60° by immersion in a water bath held 
at 70° and immediately chilled in an ice-water bath. The 
precipitate was removed by centrifugation. 

Acetone Fractionation—The clear solution resulting from the 
heat treatment was adjusted to 20% of saturation by the slow 
addition of solid ammonium sulfate. The solution was then 
placed in an ice-acetone bath and cooled to —5°. Cold acetone 
(—15°) was added slowly with stirring until a concentration of 
38% (volume per volume) was reached. The heavy precipitate 
was collected and dissolved in 10 ml of 0.01 m phosphate buffer 
at pH 7.4 which contained 0.10 mM mercaptoethanol. The en- 
zyme solution was dialyzed overnight against 4 liters of the same 
buffer mixture. 

Alumina Cy Step—After dialysis, the preparation was added 
to 78 mg of centrifuged alumina gel Cy, mixed and allowed to 
stand for 10 minutes; the mixture was centrifuged and the gel 
discarded. The enzyme was then subjected to three additional 
gel extractions and the fourth supernatant solution retained. 

DEAE-Cellulose Chromatography—The above preparation was 
diluted with an equal volume of 0.03 m Tris buffer at pH 7.3, 
and placed on a column containing 90 mg of DEAE-cellulose 
which had been previously equilibrated with the Tris buffer. 
The enzyme was recovered by gradient elution with increasing 
concentration of KCl. To accomplish this, 500 ml of the Tris 
buffer, made 0.5 m with respect to KCI, were allowed to drop into 
a well stirred reservoir containing 500 ml of the buffer. The 
rate of flow was quite rapid so that 15-to 20-ml fractions were 
collected every 3 minutes. The activity appeared sharply in 
Tube No. 12 without significant amounts of the enzyme being 
detectable in the immediately adjacent fractions. The final 
preparation was about 23-fold purified. The enzyme proved 
unstable at this dilution. However, by addition of 0.2 mg per 
ml of crystalline ovalbumin and precipitation at 80% of satura- 
tion with ammonium sulfate, a stable preparation could be ob- 
tained with little loss of activity. The yield and specific activity 
of each step are given in Table II. 


Properties of p-Altronic Acid Dehydrase 


Stability—Preparations of D-altronic acid dehydrase are gen- 
erally unstable and lose their activity in 2 to 3 weeks when 
stored at 0-5°. Freezing the partially purified enzyme, agita- 
tion or stirring in the presence of air or dialysis at pH levels below 
7.0 lead to total loss of activity. The addition of high con- 
centrations (0.1 m) of cysteine or mercaptoethanol and main- 
tenance of pH in the range 7.0 to 8.0 are necessary throughout 
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purification to retain activity of the enzyme. Attempts to frac- 
tionate the crude enzyme by protamine, manganese chloride, 
acid, heat or solvent precipitation, electrophoresis on starch or 
glass beads, or separation on a DEAE column gave losses of 80 
to 100% of the total activity. 

pH Optimum—The dehydration of p-altronic acid proceeds 
maximally in the pH range of 7.0 to 8.2 as shown in Fig. 2. 

Specificity—The enzyme appears highly specific for p-altronic 
acid. Among the substrates tested and found inactive were 
p-altronolactone, D-mannonic, D-allonic, p-talonic, D-idonic, D- 
gluconic, D-arabonic, L-galactonic, L-gulonic, and p-araboascorbic 
acids. 

Cofactors—Although crude preparations of the enzyme showed 
no clear metal requirements and were inhibited only 20 to 30% 
by 0.01 m ethylenediaminetetraacetate, more purified, dialyzed 
preparations had an absolute requirement for ferrous ion with 
optimum activation at concentrations of 2 X 10-‘ m or greater 
as shown in Fig. 3. Manganous, nickelous, cobaltous, magne- 
sium, or zinc ions in concentrations up to 10-? m did not activate 
the enzyme. 

Sulfhydryl Requirement—Sulfhydryl compounds were neces- 
sary for maintenance of activity, proportionality of assay and 
optimum activation of the enzyme. The original sonic destruc- 
tion of the cells was carried out in the presence of 0.1% cysteine 
and the addition of 8 xk 10-3 m cysteine to the assay mixture 
was found to increase the activity 2- to 3-fold. Glutathione and 
mercaptoethanol were less satisfactory as activators and 2,3- 
dimercaptopropanol was inhibitory at all concentrations tested. 
p-Chloromercuribenzoate (10-* m) gave 50 to 60% inhibition of 
the assay system in the absence of cysteine. 

Effect of Substrate Concentration—The incubation mixture con- 
taining 20 umoles of glycylglycine buffer at pH 7.6, 4 umoles of 
cysteine, 0.4 umole of ferrous sulfate, and 0.05 ml of the purified 
enzyme in a total volume of 0.5 ml was incubated for 10 minutes 
at 37°. The reaction was terminated by the addition of 0.5 ml 
of 10% trichloroacetic acid. Potassium p-altronate concentra- 
tions were as indicated in Fig. 4. Under these conditions, half- 
maximal velocity was attained at an altronic acid concentration 
of 5 X 10-?m. When the data in Fig. 4 were examined in the 
double reciprocal plot (10), an apparent K,, was obtained which 
was three to four fold greater than the observed half-maximal 
velocity. This was interpreted as being due to the limiting effect 
of ferrous ion at the higher substrate concentrations and was not 
further investigated. 

Reversibility of Reaction—Repeated attempts to demonstrate 
the reversibility of the reaction were without success. p-Al- 
tronate in the presence of excess DPN is quickly converted to 
p-tagaturonate as shown by DPNH formation measured spec- 
trophotometrically at 340 my (2). However, only equivocal 
DPNH formation could be demonstrated when KDG was in- 
cubated with an excess of the crude dialyzed enzyme and DPN. 
Furthermore, when KDG was incubated with an excess of the 
purified enzyme, neither KDG disappearance nor altronic acid 
formation could be demonstrated. Finally, in order to detect a 
minimal degree of reversibility, 750 uwmoles of KDG-1-C"* 
(3.3 X 103 c.p.m. per umole) were incubated for 1 hour with the 
purified enzyme. The reaction was stopped by adding tri- 
chloroacetic acid to a final concentration of 5%. The trichloro- 


acetic acid was removed by ether extraction, 1000 umoles of 
nonradioactive D-altronic acid were added, and the mixture was 
separated on a Dowex 1-formate column. The results are pre- 
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Fic. 2. pH Optimum of p-altronic (solid line) and p-mannonic 

(dashed line) acid dehydrases. Assay conditions were as de- 

scribed in Fig. la and b. A, acetate; O, phosphate; @, glycyl- 
glycine. 
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Fic. 3. Absolute requirement of p-altronic acid dehydrase for 
ferrous ion as a cofactor. Assay conditions were described in 
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Fic. 4. The effect of p-altronate concentration on the reaction 
velocity. The assay conditions and methods are described in 
the text. 


sented graphically in Fig. 5. No perceptible conversion of 
KDG-1-C" to p-altronate could be demonstrated. 


Properties of p-Mannonic Acid Dehydrase 


Stability—The p-mannonic acid dehydrase is more stable than 
p-altronic acid dehydrase when stored at 0 to 5° and retains 
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TUBE NUMBER 
Fic. 5. Irreversibility of p-altronic dehydrase. Reaction mix- 


ture prepared as described in the text. The components were 
resolved on a Dowex 1-formate column by gradient elution with 
_ 2 liters of 1 N formic acid being added to an equal volume of a 

well stirred water reservoir. Eluate samples were collected in an 
automatic fraction collector and assayed by the determination 
of formaldehyde (11) after periodate oxidation. Radioactivity 
measurements were made by direct plating of 0.1 ml aliquots of 
the samples. 


TaBLe IIT 
Effect of chelating agents on dialyzed p-mannonic acid dehydrase 


Assay conditions were as described in Fig. 1b, except that cobalt 
was omitted unless otherwise indicated. 


Reagent Concentration a in 10 
M umoles 
None 1.26 
None + CoSO, ae 1.78 
Ethylenediaminetetra- 2X 10°? 1.34 
acetate 
Sodium cyanide 10-3 1.41 
Sodium azide 10-3 1.23 
a,a-Dipyridyl 2X 10-3 1.50 
8-Hydroxyquinoline 5 X 10-4 1.07 
o-Phenanthroline 2X 10-4 1.35 
4.0 
or 30F 
D 
u= 
re) 20+ % 
_j 
10F ~ 


O 50 100 _ 15.0 
D-MANNONATE 


Fic. 6. The effect of D-mannonate concentration on the reac- 
tion velocity. The assay conditions and methods are described 
in the text. 


activity for 4 to 6 weeks in purified preparations. Freezing of 
the partially purified enzyme or storage at pH levels below 6.0 
results in the loss of most of the activity. Dialysis against dis- 
tilled water at 0° for 12 to 15 hours causes a 50 to 60% loss in 


Altronic and Mannonic Acid Dehydrases in E. coli 


Vol. 235, No. 6 


activity paralleled by the precipitation of inert material. How- 
ever, when the enzyme is dialyzed against 0.01 m phosphate 
buffer at pH 7.5, which has been made 0.1 m with respect to 
mercaptoethanol, there is no appreciable loss of activity. 

pH Optimum—tThe dehydration of D-mannonic acid proceeds 
maximally in the pH range of 5.0 to 6.0 as shown in Fig. 2. 

Specificitty—The purified enzyme appears highly specific for 
D-mannonic acid. Among the substrates tested and found in- 
active were D-mannonolactone, D-altronic, D-gluconic, D-talonic, 
p-idonic, D-allonic, D-arabonic, L-galactonic, L-gulonic, and 6- 
phospho-p-gluconic acids. Phosphogluconate was assayed by 
pyruvate formation in the presence of 2-keto-3-deoxy-6-phos- 
phogluconic aldolase from Pseudomonas fluorescens (12). 

Sulfhydryl and Metal Requirements—Addition of sulfhydry] 
compounds did not increase the activity of the enzyme. How- 
ever, cobaltous ion in an optimum concentration of 10-* m pro- 
duced a consistent 30 to 40% increase in activity. Higher con- 
centrations of cobalt are slightly inhibitory. Manganous ion at 
an optimum concentration of 2 x 10~‘ M activated the enzyme 
approximately 30% and inhibited slightly at higher concentra- 
tions. Nickelous, ferrous, calcium, and magnesium ions were 
without effect up to 5 & 10-* m and cupric ions at 10-3 mM gave 
an 80% inhibition of activity. A number of chelating agents 
were studied with a 10-fold purified preparation of D-mannonic 
acid dehydrase which had been twice dialyzed overnight against 
4 liters of distilled water. Their effects are summarized in 
Table III. 

Effect of Substrate Concentration—An incubation mixture con- 
taining 20 uwmoles of phosphate buffer, pH 5.4, 0.5 umole of 
cobaltous sulfate, and 0.03 ml of the purified enzyme in a total 
volume of 0.5 ml was incubated for 10 minutes at 37°. The 
reaction was stopped by the addition of 0.5 ml of 10% trichloroa- 
cetic acid. Potassium p-mannonate concentrations are indicated 
in Fig. 6. Under these conditions, half-maximal velocity was 
attained at a mannonic acid concentration of 6 X 10-3 a. 

Enzyme Distributton—Neither dehydrase is present to any ap- 
preciable extent in E. colt grown upon p-glucose or p-gluconic 
acid. Both enzymes are present, however, in E. coli, Aerobacter 
aerogenes, and Serratia marcescens when these organisms are 
grown upon D-glucuronic acid as the sole carbon source. With 
p-galacturonic acid as the sole carbon source for E. coli, however, 
the p-altronic acid dehydrase is present and p-mannonic acid 
dehydrase is absent. Crude rat and guinea pig liver and kidney 
homogenates fail to show detectible amounts of either de- 
hydrase. 


Identification of Reaction Product 


The enzymatic reaction product, common to both altronic and 
mannonic acid, was isolated as a single peak from a Dowex 1- 
formate column. Upon paper chromatography in a variety of 
solvents, a single spot was found. This spot reacted poorly 
towards alkaline AgNO; (13), but gave an intense yellow color 
upon spraying with o-phenylenediamine. Characteristic spectra 
for a 2-keto acid were obtained when the material was assayed 
by semicarbazide (15) and o-phenylenediamine (16). When the 


material was treated with periodic acid followed by thiobar- 
bituric acid (6, 7), a chromogen was formed with a maximum 
absorption at 549 mu. Since this chromogen had been identi- 
fied as a complex of 8-formylpyruvic acid and thiobarbituric 
acid (7), it appeared that the product possessed the structure of 
a 2-keto-3-deoxy sugar acid. 
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Authentic 2-keto-3-deoxy gluconic acid was synthesized from 
3-deoxyglucose which was generously provided by Dr. J. Pratt 
of this Institute. The deoxy sugar was converted to the sugar 
acid by bromine oxidation and this, in turn, was oxidized to the 
corresponding 2-keto-3-deoxygluconic acid by KClO;3 and V2.0; 
(17). The metabolic sample cochromatographed with the syn- 
thetic material in all of the solvent systems examined. Further 
evidence for the identity of the metabolic reaction product with 
the authentic material was provided by the enzymatic activity 
of the latter. Incubation of this material with ATP and the 
crude cell-free bacterial extract caused the complete disappear- 
ance of the 2-keto-3-deoxygluconic acid. When the analogous 
compound, 2-keto-3-deoxygalactonic acid, kindly provided by 
Dr. A. Weissbach, was incubated under similar conditions, no 
detectable reaction could be observed. In the absence of ATP, 
neither the synthetic nor the metabolic product was utilized. 

Upon treatment of the reaction product with ceric sulfate 
(18) a stoichiometric yield of CO2 was obtained—a result in 
complete accord with the formulation of the product as an a-keto 
acid. Finally, in order to define the precise nature of the com- 
pound, the metabolic product was chemically converted to a 
readily recognizable derivative, 2-deoxyribose. This was ac- 
complished by the reduction of 1 mg of the unknown to the 
corresponding D-glucometasaccharinic acids by KBH, (19) fol- 
lowed by a Ruff degradation (20). The final reaction product 
was deionized by a mixed bed resin and concentrated to a syrup. 
The identification of the 2-deoxyribose was based upon its specific 
color reactions with diphenylamine and cysteine-sulfuric acid 
(21) as well as by cochromatography in phenol-H,O (9:1) and 
ethyl acetate-acetic acid-water (3:1:3) with authentic material. 


DISCUSSION 


Since the original report of Doudoroff and MacGee in 1954 
(14), on the identification of 2-keto-3-deoxy phosphogluconic 
acid as an intermediate in the metabolism of glucose by Pseudo- 
monas saccharophila, there has been growing evidence that the 
formation of 2-keto-3-deoxy sugar acids represents a very general 
metabolic mechanism in the bacterial utilization of carbohydrates. 
Thus, the metabolism of such diverse compounds as D-glucose 
(14), D-galactose (21), D-arabinose (22), L-arabinose (23), p-glu- 
cosaminic acid (24), p-ribose 5-phosphate (7), D-arabinose 5-phos- 
phate (25), and now p-glucuronic and pD-galacturonic acids, have 
been shown to involve the formation of analogous intermediates, 
all possessing this common structural feature. Whether or not 
this characteristic configuration has a further significance in 
providing a source material for alternate biosynthetic pathways 
is not fully known. Certainly, in the case of 2-keto-3-deoxy 
heptonic acid (7), evidence has been produced for the role of this 
compound in the cyclization reaction resulting in the formation 
of shikimic acid (26). Similarly, a-ketoglutarate has been shown 
to arise from L-arabinose through the intermediation of 2-keto- 
3-deoxy-L-arabonic acid (23). Furthermore, on_ structural 
grounds, it is apparent that decarboxylation of the 2-keto-3- 
deoxy-6-phosphogluconate would result in the formation of 
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2-deoxyribose phosphate, a key compound, the metabolic origin 
of which is still obscure. At the present time, however, evidence 
for this reaction is not available. 


SUMMARY 


p-Altronic and D-mannonic acids, arising from the metabolism 
of p-galacturonic and p-glucuronic acids in adapted Escherichia 
colt have been shown to undergo a dehydration reaction with the 
formation of 2-keto-3-deoxy-p-gluconic acid. The reaction is 
irreversible and highly specific for the respective substrates. 
The two enzymes, D-altronic acid dehydrase and p-mannonic 
acid dehydrase, have been isolated in partially purified form and 
a study of their properties undertaken. Similar patterns of 
adaptation to uronic acids have been demonstrated in Aerobacter 
aerogenes and Serratia marcescens. 
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The formation of 2-keto-3-deoxy-p-gluconic acid as the first 
common intermediate in the bacterial metabolism of p-glucuronic 
acid and p-galacturonic acid has been described in the preceding 
papers (1-3). The present report is concerned with the purifica- 
tion and properties of the enzyme 2-keto-3-deoxygluconokinase 
which catalyzes the phosphorylation of 2-keto-3-deoxy-p-gluconic 
acid (Reaction 1). 


COOH 

= 

(1) 


MATERIALS AND METHODS 


Cell-free extracts of Escherichia coli (ATCC 9637), adapted to 
p-galacturonic or D-glucuronic acids, were prepared as described 
previously (1). Pseudomonas fluorescens (ATCC 12633) was 
grown at room temperature with vigorous aeration in a medium 
containing: (NH,4)H2PO,, 0.3%; MgSO,-7H.0, 0.1%; glucose, 
0.3%; K,HPO,, 0.3%; and FeCls, 3 xX 10-*m. After 16 hours 
of incubation, cells were harvested by centrifugation, washing, 
and lyophylization. For the preparation of cell-free extracts, 
0.6 g of dried cells was suspended in 15 ml of 0.1 m Tris buffer, 
pH 7.65, and subjected to sonic oscillation for 10 minutes. After 
centrifugation to remove debris, the extract was dialyzed over- 
night against 4 liters of 0.01 m Tris buffer, pH 7.5. This extract 
had no KDG! kinase activity, and served as a source of KDPG 
aldolase (4). The aldolase activity was retained indefinitely at 
—15°. KDG and KDG-1-C" were prepared as described in the 
preceding paper (3). An authentic sample of KDPG was the 
gift of Dr. W. A. Wood. A sample of 2-keto-3-deoxygalactonate 
was the gift of Dr. A. Weissbach, and was originally obtained 
from Dr. M. Doudoroff. Other reagents were obtained from 
commercial sources. 


* Supported in part by a Fellowship from the Arthritis and 
Rheumatism Foundation. 

1 The abbreviations used are: KDG, 2-keto-3-deoxygluconic 
acid; KDPG, 2-keto-3-deoxy-6-phosphogluconic acid, DEAE- 
cellulose, diethylaminoethy] cellulose. 


The method of Waravdekar and Saslaw (5), as modified by 
Weissbach and Hurwitz (6), was used for the determination of 
KDG and 2-keto-3-deoxygalactonate. Unexpectedly, KDPG 
was found to be inactive in this test; in earlier phases of these 
studies this fact was exploited to provide an assay system for the 
conversion of KDG to KDPG. However, a more convenient 
and more accurate assay involved the conversion of KDPG to 
pyruvate and triose phosphate by dialyzed extracts of P. fluo- 
rescens, which contained no KDG kinase activity. The pyruvate 
thus produced could be measured either by the direct method of 
Friedemann and Haugen (7), or with lactic dehydrogenase and 
DPNH. Thus, with an excess of KDPG aldolase (P. fluorescens 
extract), pyruvate production was found to be proportional to 
2-keto-3-deoxygluconokinase concentration and to time (Fig. 1). 
A typical incubation mixture contained, in a volume of 1.0 ml, 
140 umoles of sodium acetate at pH 6.0, 0.02 ml of P. fluorescens 
extract, 3 umoles of KDG, 9 umoles of ATP, 3 uwmoles of MnCl, 
and KDG kinase. After incubation for 10 minutes at 37°, the 
reaction was stopped by boiling. After centrifugation to remove 
debris, appropriate aliquots were assayed for pyruvate. Under 
these conditions, a unit of enzyme activity was defined as that 
amount of enzyme which would give rise to 1.0 umole of pyruvate 
in 10 minutes. 

Protein was determined by the methods of Sutherland et al. (8) 
or of Warburg and Christian (9). Phosphate was determined by 
the methods of Fiske and SubbaRow (10) and Chen et al. (11). 


Purvfication of 2-Keto-3-deoxygluconokinase 


Cell-free Extract—Cell-free extracts, obtained from £E. colt 
which had been grown on p-galacturonic acid or p-glucuronic 
acid, were stored at —15°. Under these conditions, the enzyme 
was stable for several weeks. Enzymatic assays of the crude 
extracts were conducted in the presence of 0.02 m sodium arsenite 
in order to inhibit pyruvate utilization. 

37° Dialysis—Attempts to free the extract from nucleic acids 
by precipitation with protamine or Mn++ resulted in large losses 
of activity. It was found that incubation of the extracts in 0.1 
m phosphate buffer, pH 7.0, at 37°, resulted in a depolymerization 
of nucleic acids, which could then be removed by dialysis. Since 
the dialysis of the solubilized nucleic acids was found to be rate- 
limiting, the procedure which was adopted involved dialysis, 
first at 37° to permit depolymerization, and then at 4° to permit 
complete removal of nucleotides with maximum retention of 
enzymatic activity. Thus, 30 ml of crude extract were treated 
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with 3.3 ml of m phosphate buffer at pH 7.0, and dialyzed for 6 
hours at 37° against 4 liters of 0.1 m phosphate buffer at pH 7.0. 
The dialysis bag was then transferred to 4 liters of fresh buffer, 
and the dialysis continued for 16 hours at 2°. The extract was 
centrifuged at 20,000 x g for 15 minutes to remove a precipitate; 
the pellet was washed with water, and the washings were com- 
bined with the supernatant solution. The ratio of optical density 
at 280 my to 260 my was 0.95. In similar purifications, ratios 
of 1.16 to 1.5 have been obtained. 

Ammonium Sulfate Fractionation—The dialyzed extract (50 
ml) was treated with 13.3 g of ammonium sulfate and the re- 
sultant precipitate discarded. The supernatant solution (52 ml) 
was treated with an additional 7.7 g of ammonium sulfate. The 
precipitate was collected, suspended in 30 ml of distilled water, 
and dialyzed overnight against water at 4° without loss of ac- 
tivity. 

Alumina Cy Gel—The ammonium sulfate fraction (42.5 ml), 
containing 308 mg of protein, was stirred with 616 mg of centri- 
fuged alumina gel Cy for 30 minutes at 4°, and then centrifuged. 
After washing the gel with 20 ml of water, the enzyme was eluted 
with 20 ml of 0.03 m phosphate buffer, pH 8.0. Additional ac- 
tivity could be recovered from the gel by repeated buffer extrac- 
tions. However, due to the markedly lower specific activity of 
these fractions, they were usually discarded. The initial eluate 
was then dialyzed overnight at 4° against 4 liters of 0.03 m Tris 
buffer at pH 7.5. 

DEAE-cellulose Chromatography—The eluate (20 ml), contain- 
ing 62 mg of protein, was placed on a column containing 1 g of 
DEAE-cellulose which had been equilibrated with 0.03 m Tris 
buffer at pH 7.5. Gradient elution was carried out as described 
in the preceding paper (3) except that NaCl was substituted for 
KCl. Fractions of approximately 20 ml were collected. Al- 
though significant amounts of enzyme were found in Tubes 12 to 
16, Tubes 14 and 15 contained the highest specific activity, and 
were used for further studies.. This fraction was essentially free 
of KDPG aldolase, and retained more than one-half of its activity 
after storage for 2 weeks at —15°. A summary of the purifica- 
tion is presented in Table I. 


Properties of Enzyme 


pH Optimum—tThe pH optimum in the presence of acetate 
buffer was pH 5.6 to 6, as is shown in Fig. 2. The use of other 
buffers, such as Tris-maleate or succinate, shifted the pH op- 
timum somewhat and gave rise to significantly lowered activity 
in relation to that observed in acetate buffer. 

Cofactor and Metal Requirements—The enzyme proved to be 
typical of most kinases in requiring the presence of a metal ion 
and a nucleoside triphosphate in an integral molar ratio for 
maximum enzymic activity. The most effective combination 
was found to consist of Mn++ and ATP in a molar ratio of 1:3. 
Departure from this ratio proved to be inhibitory at several 
concentration levels (Table II). Other nucleoside triphosphates 
were less effective than ATP, with ITP, GTP, CTP, and UTP 
vielding activities, relative to ATP, of 75, 34, 8 and 7%, re- 
spectively. Of several other metals tested, only Mg++ and Cott 
were significantly effective. 

Effect of Substrate Concentration—In the presence of a saturat- 
ing concentration of ATP, maximum velocity was attained at a 
KDG concentration of about 4 < 107? m. The Michaelis con- 
stant, calculated from a Lineweaver-Burk plot (12), was 1 xX 
10-3 yy. 
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Fic. 1. KDG kinase assay; pyruvate formation as a function 


of enzyme concentration (left), and of time (right). The proce- 
dure is described under ‘‘Methods.’’ 


TABLE I 


Purification of 2-keto-3-deoxygluconokinase 
from extracts of E. coli 


Freesien Treatment Volume | Protein | Units | Specific 
ml meg units/mg 
1 Sonic extract 30 1740 8,100 4.7 
2 37° dialysis 50 665 6,150 9.3 
3 (NH,)3sSO, 41.5 312 8,470 27.1 
4 Cy gel 20 62 4,270 68.8 
DEAE-cellulose 41 7.4 | 1,052 | 142.5 
column 
ACETATE 
800 
7 — 
00 
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500 
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L ! 
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pH 


Fic. 2. KDG kinase activity as a function of pH. The assay 
procedure is described under ‘‘Methods,”’ except that the buffers 
used are indicated above. Acetate buffer concentration, 0.08 
M. Tris-maleate buffer concentration, 0.04 m. 


Substrate Specificity—Since the KDPG aldolase-lactic de- 
hydrogenase assay could not be used for testing the activity of 
the enzyme on substrates other than KDG, most of the studies 
on substrate specificity were carried out according to the method 
of Kornberg and Pricer (13) to measure ADP produced as a 
result of kinase activity. Under conditions in which KDG 
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TABLE II 
Influence of Mn*+ and ATP upon KDG kinase 


Incubation procedure was as described under ‘‘Methods,”’ ex- 
cept for the concentrations of Mn** and ATP, which are indicated 
below. 


Experiment ATP Mn** Pyruvate 
pmoles/mi umoles/ml pmoles 

I 9.0 1.0 0.27 
9.0 2.0 0.53 

9.0 3.0 0.70 

9.0 4.0 0.53 

9.0 5.0 ).43 

9.0 7.0 0.08 

II 9.0 3.0 0.45 

18.0 3.0 0.18 

18.0 6.0 0.60 

18.0 12.0 0.28 

TABLE III 


Decarbozylation of KDPG-1-C"'4 with ceric sulfate 


The reaction was carried out in Warburg cups at 37°. The main 
compartment of each cup contained 1.0 ml of 0.2 m Ce(SQO,)2 in 
2 Nn H-SO,. One sidearm contained, in a volume of 0.3 ml, the 
amount of KDPG-1-C"* indicated below. After equilibration, the 
reaction was initiated by tipping the KDPG into the main com- 
partments. After COz evolution had ceased, as determined man- 
ometrically, 0.3 ml of 1 N NaOH was added to the second sidearm 
through the venting plugs, and the cups were shaken until CO. 
uptake had ceased. The alkali solutions were transferred to 10 
ml volumetric flasks, together with repeated rinsings of the side- 
arms with water. The volumes were brought up to 10 ml, and 1.0 
ml aliquots were transferred to 50-ml Erlenmeyer flasks. One 
ml of NaHCO; solution (12 mg per ml) was added to each flask, 
plus 8 ml of water. After heating, 1.0 ml of 1 m BaCl: solution was 
added to each flask. The resulting precipitate of BaCO; was col- 
lected by filtration, washed with water and acetone, and counted. 
All counting rates were corrected to infinite thinness. 


KDPG-1-C"™ added CO: evolved 
c.p.m. pmoles* c.p.m. pmolest 
Cup 1 19,100 8.7 19, 900 9.3 
Cup 2 12,750 5.8 13, 250 6.5 


* KDPG concentration determined by enzymatic assay. 
t COz evolution measured manometrically. 


TaBLeE IV 
Dephosphor ylation of KDPG 

The reaction mixture contained, in a total volume of 1 ml, 2.1 
umoles of KDPG, 55 wmoles of sodium acetate-acetic acid buffer, 
pH 4.9, and 0.05 ml of potato acid phosphatase. The incubation 
temperature was 37°. At the indicated time intervals, 0.2-ml 
aliquots were removed and added to 0.8 ml of cold 10% trichloro- 
acetic acid. Appropriate aliquots were assayed for inorganic 
phosphate and for 8-formylpyruvate (5, 6). 


Time 8-Formylpyruvate Pj AP; 
min pmoles pumoles pmoles 
0 0 2.04 0 
15 0.62 
30 0.90 
60 1.23 3.24 1.20 


2-Keto-3-deoxy-gluconokinase in E. coli 
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yielded results comparable to those obtained in the KDPG aldo. 
lase-lactic dehydrogenase assay, gluconate, 2-ketogluconate, and 
2-deoxyribose were inactive. For the purpose of testing the ac- 
tivity of the enzyme with 2-keto-3-deoxygalactonate as substrate, 
an assay system was employed which exploited the fact that in 
the Weissbach-Hurwitz modification (6) of the Waravdekar- 
Saslaw reaction (5), KDG yields a color with an absorption 
maximum at 549 my, whereas KDPG is unreactive. Under 
conditions in which the action of the enzyme on KDG resulted 
in a disappearance of the color at 549 my in the assay system, no 
disappearance could be observed in the case of 2-keto-3-deoxy- 
galactonate. 

Enzyme Distribution—Although the present studies were con- 
ducted on extracts obtained from E. coli cells which had been 
grown on glucuronic or galacturonic acids, extracts obtained 
from glucose-grown E. coli cells, either normal or infected with 
T2 bacteriophage,” contained about 20% of the activity found in 
the uronic acid-grown cells. KDG kinase activity was also 
found in extracts obtained from cells of Aerobacter aerogenes, 
which had been grown on glucuronic acid. No KDG kinase 
activity was found in extracts from Salmonella typhimurium, 
Neurospora crassa, and Azotobacter agiles, all of which had been 
grown on glucose. Nor was activity found in extracts from 
mouse Ascites tumor cells, rat liver homogenates or rat spleen 
homogenates. 

Characterization of Reaction Product—For the purpose of isola- 
tion and identification of the phosphorylated product, a reaction 
mixture containing 1250 umoles of KDG-1-C™, 3000 umoles of 
ATP, 1000 umoles of MnClo, and 1,050 units of enzyme in a 
total volume of 65 ml was incubated for 50 minutes at 37°. 
Trichloroacetic acid was added to the reaction mixture in a final 


concentration of 3%; the mixture was treated, first with 10 g of — 


water-washed Darco‘and then with 10 g of acid-washed Norit A. 
The solution was adjusted to pH 6.5 and treated with 3 ml of 1m 
barium acetate and 1 volume of ethanol (67 ml). The resulting 
precipitate was collected by centrifugation, and washed with 50% 
ethanol, acetone, and ether. In some cases, the product was 
further purified by elution from a Dowex 1-formate column. 

It had been assumed, on the basis of structural considerations, 
that the phosphorylated product was probably 2-keto-3-deoxy-6- 
phosphogluconate, and it was on this basis that the enzymatic 
assay was established. The following evidence has been ob- 
tained to confirm the assumption: 

(a) Extinction coefficients in the o-phenylenediamine and 
semicarbazide reactions (14, 15), calculated on the basis of the 
enzymatic assay, were identical to those obtained with an au- 
thentic sample of KDPG, indicating that the compound is an 
a-keto acid. 

(6) Treatment with ceric sulfate yielded stoichiometric 
amounts of CO: which contained all the C™ of the product, in- 
dicating that the compound is an a-keto acid whose carboxy! 
group arose exclusively from the carboxyl group of the starting 
material, KDG-1-C" (Table III). 

(c) The compound cochromatographed with authentic KDPG 
(amyl acetate-acetic acid-water, 3:3:1) and gave a positive re- 
action with the Haynes-Isherwood spray for phosphate. 

(d) After treatment of the compound with potato acid phos- 
phatase,’ analysis of the incubation mixture revealed the con- 
comitant production of inorganic phosphate and a compound 
giving rise to B-formylpyruvic acid in the Waravdekar-Saslaw 


2 Courtesy of Dr. A. Weissbach. 
3 Prepared by Dr. A. Weissbach. 
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test (5, 6), indicating that the starting material was a phos- 
phorylated 2-keto-3-deoxy sugar acid (Table IV). 

(e) Incubation of the product with a dialyzed extract of E. 
coli grown on galacturonic acid, as a source of KDPG aldolase, 
gave rise to pyruvate and triose phosphate (alkali-labile phos- 

hate). 
‘ The above observations are consistent with the identification 
of the product of phosphorylation of KDG as 2-keto-3-deoxy-6- 
phosphogluconic acid although rigorous evidenée for the localiza- 
tion of the phosphate group at C-6 is not available. 


DISCUSSION 


The ubiquitous role of 2-keto-3-deoxy sugar acids in the carbo- 
hydrate metabolism of numerous bacterial systems has been 
discussed previously (3). However, in examining the require- 
ment for phosphorylation of these compounds before further 
metabolism at least three general categories may be considered. 

In Group I may be included those compounds arising from 
phosphorylated precursors. Thus, 2-keto-3-deoxy-6-phospho- 
gluconate has been shown to arise from 6-phosphogluconate in 
the pseudomonads (16, 17). At least two further examples have 
recently appeared which fall into this general category. Both 
ribose 5-phosphate (6) and arabinose 5-phosphate (18) give rise 
to phosphorylated 2-keto-3-deoxy sugar acids. However, the 
mechanism in both of these cases appears to involve a condensa- 
tion between the pentose phosphate and phosphorylenol pyru- 
vate rather than a dehydrase reaction. | 

In Group II, no phosphorylation step appears to be involved 
at any stage. Examples of this group are (a) 2-keto-3-deoxy-L- 
arabonic acid, which arises from L-arabinose with L-arabonic acid 
as an intermediary (19). Subsequent metabolism of this com- 
pound has been shown to yield a-ketoglutarate (20). Alterna- 
tively, D-arabinose is converted to 2-keto-3-deoxy-p-arabonic acid 
which in turn gives rise to pyruvate and glycoaldehyde (21). No 
evidence for the participation.of a phosphorylated intermediate 
in the metabolism of these sugars has been reported. 

Finally, in Group III, the intact 2-keto-3-deoxy sugar acids 
are phosphorylated immediately before cleavage as in the case of 
the kinase described in the present paper. The metabolism of 
p-galactose in Pseudomonas saccharophila apparently involves a 
similar reaction sequence in that 2-keto-3-deoxy-p-galactonate 
requires a phosphorylation step before cleavage (22). 

Examination of the cell-free extracts of E. colt grown on glucose 
or uronic acids revealed an enzyme which catalyzed the further 
metabolism of KDPG by converting it to pyruvate and glycer- 
aldehyde 3-phosphate. This enzyme, KDPG aldolase, appeared 
to be functionally identical to that previously reported in 
Pseudomonas fluorescens (4). Consequently, no further attempt 
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was made to purify or examine in more detail the properties of 
KDPG aldolase in E. coli. 


SUMMARY 


2-Keto-3-deoxy-p-gluconic acid kinase has been purified from 
cell-free extracts of glucuronic and galacturonic acid grown 
Escherichia coli. The enzyme has been shown to have a require- 
ment for manganese and adenosine triphosphate. Maximal 
activity is obtained when the molar ratio of metal to nucleotide 
is 1:3. The general role of kinases in the further metabolism of 
2-keto-3-deoxy sugar acids is discussed. 
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It has been recognized for some time that living cells ex- 
hibit a selective behavior toward charged particles. In the ab- 
sence of specific transport mechanisms, cell membranes tend 
to be impermeable to such cations as Na+ and K* and also 
to certain organic anions including nucleotides and sugar phos- 
phates. Whereas wild type Escherichia coli is essentially im- 
permeable to citrate, other species can be induced to utilize 
exogenous citrate (1, 2). On the other hand, it has been gen- 
erally assumed that cell membranes are freely permeable to 
uncharged small molecules such as glycerol and glucose. As 
yet, no satisfactory explanation has been offered for the anoma- 
lous behavior of the phosphate ester of glucose; cells which 
readily utilize both glucose and inorganic phosphate are un- 
able to assimilate these if they are combined as the phosphate 
ester. It might be concluded from this situation either that 
replacement of the nondissociated hydroxyl group of phos- 
phoric acid by glucose interferes with the ability of the cell to 
absorb the ion or that the phosphate ester is excluded because 
of its greater size. On the basis of recent developments the 
former conclusion seems more likely; it is now evident that 
the uptake of carbohydrates by bacteria is not due to simple 
diffusion through a semipermeable membrane but to the ac- 
tion of stereospecific active transport systems. 

The presence of such specific transport mechanisms for the 
monosaccharides was first suggested by Doudoroff et al. (3). 
They isolated a mutant strain of E. colt capable of normal 
growth on the disaccharide maltose but unable to utilize glu- 
cose. The failure to grow on glucose could not be explained 
in terms of an enzymatic defect, since all of the enzymes re- 
quired for glucose metabolism, including hexokinase (4), were 
present in normal] quantities. Indeed, free glucose, formed from 
maltose within the cell by the action of amylomaltase, was 
rapidly and completely utilized. On the basis of these ob- 
servations Doudoroff postulated that a specific transport sys- 
tem for glucose must exist; only in this way could cells per- 
meable to maltose be impermeable to glucose. 

The work of Cohn and Monod (5) and their collaborators 
has provided a direct demonstration of the existence of such 
selective bacterial transport systems (permeases) for carbo- 
hydrates and glycosides. These are characterized by their 
great specificity and by their ability to accumulate the sub- 
strate within the cell in concentrations far exceeding those 
found in the external medium. The transport system for 


* Present address, Department of Microbiology, New York Uni- 
versity College of Medicine, New York, New York. 


methyl-a-p-glucoside is thought to be identical with that re- 
sponsible for the transport of glucose, since it is absent in the 
glucose-negative mutant of Doudoroff but appears in glucose- 
positive isolates obtained by transduction (6). Lactose, o0-ni- 
trophenyl galactoside, thiomethyl-8-p-galactoside, and £-thio- 
digalactoside are concentrated by a 8 - galactoside transport 
system (7). Rotman (8) has found differences with respect to 
the uptake of methy]-8-p-galactoside and of thiomethy]-8-p-ga- 
lactoside which suggest that these may be acted upon by dis- 
tinct transport systems, one constitutive and the other induc- 
ible. This has been confirmed by Osborn,! who has found 
methyl-8-p-galactoside to be a substrate for the galactose trans- 
port system. Specific permeases are also known for glucuronides 
(9) and for maltose.” 

In the case of the thiogalactosides the available evidence 
supports the view that the bulk of the accumulated substrate 
is present within the cells as a free solute, chemically identi- 
cal with that present in the external medium (5). Sistrom 
(10) has used protoplasts to prove that these substances are 
concentrated within the cells in an osmotically active form. 
However, little is known of the detailed mechanism, except 
that it is energy dependent (5) and exhibits a high degree of 
specificity. The best evidence for a functional role in bacterial 
metabolism comes from the study of cryptic mutants whose 
inability to utilize the substrate in question can be related 
to the absence of the specific transport mechanism. Such cryp- 
tic mutants are now known for a number of substrates, in- 
cluding citrate (2) and lactose (7). 

Thus far the study of bacterial transport of monosaccharides 
has been hampered by the absence of either suitable analogues 
which might serve as gratuitous substrates or mutants unable 
to metabolize the monosaccharides themselves. Recently, how- 
ever, a mutant strain of E. coli ML has been isolated which 
lacks galactokinase and is therefore incapable of growth on 
galactose. Resting cells accumulate large quantities of galac- 
tose, which appears to be present entirely as the free sugar. 


The present communication is concerned with the specificity » 


and other properties of the galactose transport system. 


EXPERIMENTAL PROCEDURE 


The galactose-negative strain employed was a mutant of E. 
coli ML, isolated at the Pasteur Institute, and designated ML 


1M. J. Osborn, unpublished observations. 
2 Herbert Wiesmeyer and Melvin Cohn, personal communica- 
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32,400. The parent type ML 30 was used for purposes of 
comparison. Growth was on a synthetic salt mixture (medium 
63) (10) with the addition of an appropriate carbon source, 
usually succinate or mannose. Cells were grown at 37° and 
harvested by centrifugation during the exponential growth 
phase. Except where otherwise indicated, the sedimented cells 
were washed once with medium 63 and resuspended in the 
same medium containing 50 wg per ml of Chloromycetin. The 
density of cells in a suspension was measured optically at 600 
mp with the Jean-Constant spectrophotometer, previously cali- 
brated to permit expression of the result in terms of bacterial 
dry weight. Usually fresh cells were used; in some instances 
they were further depleted of endogenous metabolites by incu- 
bating with aeration at 37°. 

Galactose-C'4, uniformly labeled, was provided by Dr. Ge- 
rard Milhaud, of the Isotope Laboratory of the Pasteur Insti- 
tute. The stock preparation had a specific activity of 40 ue 
per mg; this was reduced to appropriate levels by dilution 
with cold galactose. The isotopic material was chromato- 
graphed with several solvent systems and found to contain no 
detectable radioactive impurities. Thiodigalactoside, labeled 
with $5, was synthesized in this laboratory by Mr. Dietmar 
Tiirk. 

Other substrates were obtained from commercial sources, ex- 
cept as otherwise indicated. 

In general, galactose-C'* accumulated by the cells was meas- 
ured with a Geiger counter, after the cells had been collected 
by vacuum filtration on a Millipore HA filter (Millipore Cor- 
poration, Waltham, Massachusetts). To insure rapid filtration 
the total quantity of bacteria in an aliquot to be examined 
was usually about 125 wg (dry weight). With this quantity, 
filtration was complete in less than 10 seconds. The cells on 
the filter were washed 3 times with cold salt solution (medium 
63) and dried under infrared lamps before counting. The re- 
sults are expressed as wmoles of galactose accumulated per g 
dry weight of cells. 

Assays for galactokinase were carried out with toluenized 
cells, prepared from concentrated cell suspensions (approxi- 
mately 2.5 mg of dry weight per ml) by gentle shaking at 37° 
with one-twentieth volume of toluene. The time of treatment 
was usually 30 minutes. The assay method was based on the 
insolubility of barium galactose phosphate in 80% aqueous 
ethanol. The reaction mixtures contained 0.2 wmole of ga- 
lactose-C'4 (8 xX 104 c.p.m.), 0.4 umole each of adenosine tri- 
phosphate and MgCl,, 10 wmoles of tris(hydroxymethyl)ami- 
nomethane buffer at pH 7.4, 10 umoles each of glutathione 
and sodium fluoride, and 2 to 16 yl of toluenized bacterial sus- 
pension, in a total volume of 0.25 ml. After incubation at 
37° for 10 and 20 minutes, respectively, 0.05-ml aliquots were 
added to 0.4 ml of cold absolute ethanol and treated with 
0.05 ml of 1 m barium acetate. The suspensions were kept 
for 15 minutes at 0°, to allow time for flocculation of the 
barium salts, filtered through a Millipore filter, washed thor- 
oughly with cold 80% ethanol, dried, and counted. The ga- 
lactose phosphate content was calculated from the counts re- 
tained, on the assumption of negligible self-absorption. 


RESULTS 


Galactose Uptake and Displacement—Resting cells of the ga- 
lactose-negative strain ML 32,400, when incubated with galac- 
tose, rapidly accumulate this substrate until a steady state 
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Fig. 1. Uptake of C'*-galactose and displacement by cold galac- 
tose. At zero time a washed suspension of succinate-grown cells 
of Escherichia coli ML 32,400, containing 0.46 mg of bacterial dry 
weight per ml was treated with a solution of C'*-galactose. The 
galactose concentration at this point was 2 X 10-‘m. Incubation 
was at 25°. Aliquots (1.0 ml) were taken as indicated in the fig- 
ure, filtered through a Millipore filter, and the cells washed 3 
times with ice-cold medium 63. At 21 minutes one portion of the 
cell suspension received C!2-galactose to a final concentration of 
10-2 m; the remainder received no additional treatment. 


level is reached (Fig. 1). At 37° the plateau level was usually 
attained within 5 to 10 minutes and maintained for 10 to 30 
minutes, depending on the nutritional state of the cells. When 
no metabolizable substrate was added, incubation beyond 30 
to 40 minutes often led to a gradual decline in the quantity 
of galactose accumulated. As indicated in Fig. 1, the addi- 
tion of an excess of nonradioactive galactose resulted in rapid 
and essentially complete displacement of radioactivity from the 
cells. This would be expected if (a) galactose were present 
within the cells in chemically unaltered form and (b) the 
steady state level were the result of a balance between uptake 
from the medium and return of internal galactose to the me- 
dium. 

The fulfillment of the first condition was confirmed by ex- 
amination of the cell contents by paper chromatography. Ali- 
quots of cell suspensions incubated at 37° for varying times 
with radioactive galactose were centrifuged rapidly and the cell 
pellets suspended in ice-cold 50% aqueous acetone (volume for 
volume). Nonradioactive galactose was added and the entire 
suspension, including all insoluble components, was placed on 
paper for chromatography. Several solvent systems were used, 
including acetone-water, phenol-water, and butanol-acetic acid. 
In each case a single radioactive spot was present which coin- 
cided precisely with the carrier galactose spot as revealed by 
spraying with aniline phthalate (11). No trace of radioactivity 
was detected at the origin, even when the cells had been incu- 
bated with galactose-C™ for some time, indicating the absence 
of galactose metabolism or incorporation into cellular structure. 
Less than 5% conversion would have been detected. 

Absence of Galactokinase—No trace of galactokinase can be 
detected in cells of the mutant strain ML 32,400 whether they 
be grown in the presence or absence of galactose (Fig. 2). Ga- 
lactokinase in the wild type ML 30 is an inducible enzyme; 
its activity is increased 20-fold in cells grown on galactose. 
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Fic. 2. Measurement of galactokinase activity in the wild type 
and mutant strains. ML 30 was grown on 0.2% glucose (non- 
induced) or 0.2% galactose (induced). ML 32,400 was grown on 
0.4% succinate or 0.4% succinate containing 10-4 m galactose. 
Extracts were obtained by shaking for 30 minutes at 37° with 1 
drop per ml of toluene. Galactokinase was assayed as described 
in ‘‘Methods.”’ 
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GALACTOSE CONCENTRATION, M X 105(S) 


Fig. 3. Effect of external galactose concentration on the steady 
state level of galactose accumulated. Cells were grown on 0.4% 
succinate, harvested, and washed with substrate-free medium. 
Each point represents 125 wg of cells inucbated for 15 minutes at 
37° with C'4-galactose (5 X 105c.p.m. per umole). The final con- 
centration in the external medium was calculated from the counts 
remaining after equilibration with the cells. 


TABLE I 


Concentration of galactose by ML 32,400 
The experimental conditions are given in the legend to Fig. 4 


External concentration Internal concentration Factor 
2.1 1075 5.7 X 107? 2,700 
2.1 xX 10-6 1.3 X 107? 6,700 
4.2 X 1077 4.4 X 10-3 10,500 


Similar extracts of ML 32,400 are devoid of activity. That 
this lack of demonstrable activity is not due to the presence 
of an inhibitor is clear from the experiment with mixed ex- 
tracts; the activity in extracts of ML 30 is not depressed by 
addition of the inactive extracts obtained from ML 32,400. 

Effect of External Galactose Concentration—The transport sys- 
tem possesses a high affinity for galactose and at low external 
concentration most of the sugar added to the medium will 
be taken up by the cells. As the external concentration is 


increased, the steady state internal galactose concentration is 
found to increase until saturating levels are reached (Fig. 3), 
Saturation occurs when the external concentration is about 2 
x 10-5 m, at which point the internal concentration is about 
6 xX 10-? M, and galactose accounts for nearly 5% of the total] 
dry weight (Table I). At lower galactose concentrations lesg 
galactose is accumulated but the concentration factor is greater, 
In the last experiment in Table I the initial external galac- 
tose concentration was 10-* m; more than half of the tota] 
galactose was taken up by the cells and the final internal con- 
centration exceeded by 10,000-fold that remaining in the ex. 
ternal medium. 

Energy Requirement for Galactose Transport—From this con- 
centration factor, which may be exceeded at lower levels of 
galactose, it can be calculated that the free energy requirement 
for galactose transport (or accumulation) is in excess of +5500 
calories per mole. As with the galactosides (7), the transport 
of galactose is completely inhibited by dinitrophenol; when this 
substance is added to cells which have accumulated galactose 
to the plateau level, a rapid and essentially complete loss of 
galactose is observed (Fig. 4). 

The addition of energy sources, such as glucose, affects the 
level of galactose uptake in a complex manner. At relatively 
high concentrations glucose strongly inhibits the uptake of 
galactose. Thus, when it is added to the cells which have 
previously been allowed to equilibrate with galactose-C™ in the 
absence of glucose, it produces a rapid and complete loss of 
galactose (Fig. 4). At lower concentrations, the effect of glu- 
cose is to increase the steady state level of galactose accumu- 
lation (Fig. 5). 

A similar stimulation of galactose accumulation is observed 
with succinate. When this substrate is added to washed, starved 
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Fic. 4. Displacement of accumulated C'*-galactose by dinitro- — 


phenol, glucose, and C’-galactose. Cells were grown and har- 
vested as described in Fig. 4 and incubated at 37° with 10‘ M 
galactose-C'4, added at zero time. Aliquots contained 0.1 mg of 
bacterial dry weight. At 10 minutes three of the four mixtures 
received dinitrophenol (final concentration = 10-% m), glucose 
(final concentration = 0.005 Mm) or galactose-C!? (final concentra- 
tion = 0.02 m). 
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cells, the initial rate of galactose accumulation is little altered, 
but there is not the slow decline in internal concentration often 
observed in cells incubated without added succinate (Fig. 6). 
These observations would tend to support the hypothesis that 
energy provided by a metabolizable substrate is necessary for 
optimal accumulation of galactose, except that identical effects 
have been observed after the addition of compounds which 
are not metabolized, such as a-methylglucoside (Fig. 6). A 
possible alternate explanation for this effect is discussed in 
Paper II of this series. 

Specificity of Galactose Transport System—The uptake of ga- 
lactose-C'4 appears to be catalyzed by a highly specific system. 
It is little affected by the addition of a number of analogues 
or possible competitors, even when these are added at a con- 
centration 100-fold greater than that of galactose (Table II). 
The two levels of galactose employed, 10-4 m and 10~-® M, rep- 
resent concentrations which are saturating and approximately 
one-tenth saturating, respectively. When tested with the lower 
level of galactose, a few compounds, such as methyl-8-p-ga- 
lactoside and L-arabinose, produced significant inhibition; in 
the case of L-arabinose, the inhibition has been analyzed ki- 
netically by the method of Dixon (12). This compound ap- 
pears to be a true competitive inhibitor with a K; of 1.7 xX 
10-3 m, 250 times larger than the K, for galactose. 3 

Since no sugar or derivative has been found to compete ef- 
fectively with galactose at comparable concentrations, it must 
be concluded that the transport of galactose involves a mecha- 
nism possessing a high degree of specificity. 

Effect of Growth on Various Substrates—Galactose transport 
is clearly distinct from the transport of galactosides, since in 
the mutant strain ML 32,400 galactose accumulation is a con- 
stitutive property whereas galactosides are accumulated only 
by induced cells (Table III). Thus with cells grown on suc- 
cinate, galactose reaches an intracellular level 25 times greater 
than that of thiodigalactoside. On the other hand, with lac- 
tose-grown cells or with cells grown in the presence of isopropyl 
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Fic. 5. The effect of external glucose concentration on the 
steady state level of galactose accumulation. Succinate-grown 
cells were incubated in medium 63 plus glucose at the concentra- 
tions indicated. Galactose-C' was added immediately after the 
addition of glucose. Aliquots containing 0.1 mg bacterial dry 
weight were filtered after 10 minutes at 37° at which time accumu- 
lation had reached the plateau (cf. Fig. 4). 
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Fic. 6. Effect of succinate or a-methylglucoside on the accumu- 


lation of galactose-C. 


In both experiments cells were grown on 


0.2% mannose in the presence of 10-* m galactose. The washed 
cells were incubated for 45 minutes at 25° to deplete endogenous 


substrate. 


The galactose concentration was 2 X 10-*m. Succi- 


nate was 10-2 mM; methyl-a-p-glucoside was 10-* m. The latter is 
not utilized by this strain of Escherichia coli, but is accumulated 


(5). 


TABLE II 
Possible competitors for galactose uptake 


The experiments were carried 


Incubation was at 37° for 15 minutes. 


out with mannose-grown cells. 
Accumulation of galactose- 


C'4 in the absence of competitor was assigned a value of 100. 


Relative accumulation 
Other addition, 10-* 

Galactose-C™, 10-4 m| Galactose-C™, mu 
Thiomethyl-8-p-galactoside. .... 111 86 
Thiodigalactoside............... 80 68 
Methyl-8-p-galactoside.......... 81 58 
95 65 
96 83 

TaBLeE III 
Comparison of capacities for galactose, galactosides and glucosides 
in cells 


Growth was on 0.4% succinate or 0.2% of the sugars indicated. 


The thiogalactosides were m. 


Cells were tested for accumu- 


lation of galactose-C'4 (10-4 m) after 10 minutes at 37°. 


Capacity for Ratio 
Galactose | Galactosides | Glucosides | ,.> 1:3 
(1) (2) (3) 
umoles/g cells 
Succinate... ........... 31.3 1.2 39.7 | 26.0) 0.79 
Succinate + isopropyl 
thiogalactoside...... 7.9 10.4 33.6 0.8) 0.24 
Succinate + phenyl 
thiogalactoside...... .| 20.2 2.5 40.0 8.1) 0.50 
5.3 0.4 36.7 13.2} 0.14 
Lactose............ 8.7 28.0 0.4; 0.12 
Mannose............... 9.8 1.3 21.2 7.5) 0.46 
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Fic. 7. A comparison of galactose-C'* uptake and displacement 
by the galactose-negative mutant ML 32,400 and the wild type 
ML 30. ML 32,400 was grown on 0.2% mannose; ML 30 was grown 
on 0.2% galactose, in order to adapt the cells to this sugar. Cells 
were washed with medium 63 two times and suspended in medium 
63 plus Chloromycetin (0.05 mg per ml). The galactose-C™ con- 
centration was 2 X 10-4m. Galactose-C!? (10-2 Mm) was added at 


21 minutes. 


thiogalactoside, thiodigalactoside is more effectively concen- 
trated. This difference is due not only to induction of the 
galactoside permease but also to the fact that galactose accumu- 
Jation is substantially less with cells grown in the presence of 
galactoside inducers. Lactose and isopropyl thiogalactoside, 
which are excellent inducers of galactoside transport, show this 
effect more than phenyl] thiogalactoside, which is a poor in- 
ducer. 

A similar distinction, albeit less striking, can be made be- 
tween the transport of galactose and methyl-a-p-glucoside, al- 
though the level of accumulation of the latter, which presumably 
reflects the activity of the constitutive glucose transport mecha- 
nism, is little affected by the carbon source used for growth. 
Nevertheless, the ratio of accumulated galactose to methyl-a- 
p-glucoside is 0.79 with cells grown on succinate and about 
0.12 with cells grown on lactose or glucose. Perhaps the best 
evidence that the permeases for galactose and glucose (or methyl 
glucoside) are distinct is the fact that neither methyl gluco- 
side nor glucose at concentration levels comparable to those 
of galactose inhibits the uptake of galactose to an appreciable 
extent. 

Limiting Step in Galactose Utilization—A comparison of ga- 
lactose uptake in the wild type strain ML 30 and the galacto- 
kinase-less mutant ML 32,400 shows transport across the cell 
membrane to be the limiting step in galactose metabolism (Fig. 
7). The initial rate of galactose uptake, which is identical with 
both cultures, is maintained for some time in the wild type, 
whereas in the mutant strain a plateau level of 60 to 70 umoles 
per g is soon reached. In the latter strain all of the accumu- 
lated radioactivity is displaced by cold galactose. In the wild 
type, on the other hand, no loss of radioactivity is observed 
upon addition of excess cold galactose, indicating the absence 
of free galactose within the cells. The identity of initial rates 


of uptake in the two strains and the absence of free intracel- 
lular galactose suggest that permeation is the limiting step and 
that phosphorylation occurs as the sugars enter the cells. A 
similar observation has been reported earlier by Kipnis et al. 
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(13) with animal tissues. These workers concluded that, in nor- 
mal muscle, penetration of glucose limits utilization of the sugar, 
A similar conclusion can be drawn for galactose utilization by 
E. colt. 


DISCUSSION 


The transport and accumulation of galactose by E. coli ex- 
hibit properties similar to those described for galactosides and 
glucosides. The parallelism with enzymatic mechanisms is 
striking, particularly the high degree of stereospecificity and 
the kinetic behavior typical of systems in which enzyme-sub- 
strate complexes are presumed to be found. The properties 
of the system are, as in the case of thiogalactosides, best ex- 
plained in terms of a catalytic transport mechanism, rather 
than a binding of substrate to specific sites within the cell, 
The quantity of galactose accumulated, as much as 1 mole 
for each 3000 g of dry weight, defies explanation in terms of 
specific binding sites (5), and no evidence for chemical altera- 
tion of the galactose molecule has been obtained. Extraction 
with cold aqueous acetone and chromatography with the same 
solvent or with aqueous phenol indicate that all of the accumu- 
lated material is free galactose. Furthermore, the rapid loss 
of intracellular galactose on addition of dinitrophenol is diffi- 
cult to explain except in terms of an energy-requiring mecha- 
nism for the entry of substrate which is not involved in its 
exit. This is further discussed in Paper II of this series. 

The absence of galactokinase in an organism which possesses 
a very active specific permeation mechanism for galactose proves 
that the latter system is distinct from and independent of the 
former. This affords one more example which appears to jus- 
tify the view (5) that permeation mechanisms are functionally 
specialized and distinct from the metabolic enzymes involved 
in the degradation of the substrate. It does not, however, pre- 
clude the possibility that phosphorylation either of the permease 
protein itself or of the transported galactose may play a part 
in the permeation mechanism. Further work is needed to 
clarify the nature of energy coupling in the action of the trans- 
port enzymes. A clear requirement for an external energy 
source has not been obtained, but this may be due to the pres- 
ence of adequate endogenous respiration. The effects of added 
glucose, augmentation of galactose uptake at low concentra- 
tions, and inhibition at high concentrations remain to be ex- 
plained. Identical observations have made with the uptake of 
thiogalactosides. 

The galactose transport system represents one of the most 
specific yet studied. None of the aldohexoses available for test 
appears to be acted upon by the system, since none inhibits 
the uptake of galactose when added at comparable concentra- 
tions. Two substances, L-arabinose and 6-methylgalactoside, 
appear to inhibit competitively but the affinity for these sub- 
strates is far less than that for galactose. 


SUMMARY 


A galactokinase-less mutant of Escherichia coli MLaccumulates 
galactose against a concentration gradient in a readily reversi- 
ble manner. Galactose is displaced by high concentrations of 
glucose or by 2,4-dinitrophenol. The system is highly specific 
for galactose and exhibits a high affinity for the sugar, with 
a K, of approximately 10-5 m. At saturation the internal 
galactose concentration is nearly 10-? M. 
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Evidence has been obtained indicating that this transport 
mechanism is distinct from that involved in the transport of 
g-galactosides or a-glucosides. 

The initial rate of galactose uptake is identical in the wild 
type and in the mutant strain, but in the wild type no free ga- 
lactose accumulates. This suggests that permeation is the lim- 
iting step in galactose utilization by E. colt. 3 
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Paper I of this series was concerned with the uptake of galac- 
tose in a mutant strain of Escherichia coli, ML 32,400. This 
organism is incapable of growth on galactose because of a com- 
plete lack of galactokinase, but it will accumulate this sugar 
to levels which greatly exceed those found in the external me- 
dium. The transport system has a high affinity for galactose, 
is highly specific, and is sensitive to energy uncoupling agents 
such as dinitrophenol (1). 

Ordinarily, galactose utilization in E. coli is an inducible proc- 
ess (2); in the parent strain ML 30, for example, galactokinase 
is present only in induced cells (1). Yet the transport of galac- 
tose in the mutant strain ML 32,400, derived from ML 30, is 
not dependent upon previous induction. On the contrary, the 
capacity of the constitutive transport system is depressed in a 
striking way when growth occurs in the presence of galactose 
and certain compounds related to galactose (1) although these 
compounds are not utilized. Thus, cells grown on glucose or 
lactose show little activity toward galactose, and the level of 
galactose accumulation is also depressed by growth in the pres- 
ence of certain galactosidase inducers, such as isopropyl thio- 
galactoside and methyl] thiogalactoside.!. Growth of the organ- 
ism in the presence of traces of galactose, which are not utilized, 
yields cells which have a much smaller capacity to accumulate 
galactose, compared with that of cells which have been cultivated 
on the same carbon source in the absence of galactose. The 
reduced capacity for galactose can be shown to be caused by an 
increase in the rate of loss of galactose from the cells, rather than 
by a decrease in the rate of galactose uptake. 

These results are not compatible with exit of sugar by simple 
diffusion and lend strong support to the “transporter” hypoth- 
esis proposed by Kepes (3) to explain galactoside accumulation. 
Kepes has found the exit of thiodigalactosides from E. coli cells 
to be inhibited by such agents as p-chloromercuribenzoate and 
accelerated by other galactosides such as a-methy] thiogalacto- 
side. These observations could not be explained in terms of 
passive diffusion and led Kepes to suggest that it is necessary 
for the substrate to combine with a hypothetical “transporter’”’ 
for both entry and exit. The present results obtained with the 
galactose transport system are consistent with this view. 


EXPERIMENTAL PROCEDURE 


Cells were grown on synthetic salt medium 63 with a suitable 
carbon source as described in Paper I of this series (1). The 
* Present address, Department of Microbiology, New York 


University College of Medicine, New York, New York. 
1 Unpublished observations. 


strains employed were wild type EZ. coli ML 30, and the galac- 
tose negative strain ML 32,400. Measurements of galactose 
uptake and displacement were made as previously described (1). 
Chloromycetin was added to a final concentration of 50 ug per 
ml as indicated. 

Kinetic Analysis of Galactose-C'* Uptake—The steady state 
concentration of galactose within the cell can be considered to 
represent a balance between the rate of uptake of sugar and the 
rate of its loss to the medium (4). When the external concen- 
tration of galactose is beyond the saturating level the rate of 
entry can be considered to be independent of the external con- 
centration, G,., and to depend only upon the activity of the 
transport system, y. Loss of sugar, on the other hand, appears 
to be a first order function of the internal concentration, G;,, 
under all conditions thus far examined (see below). The change 
in internal galactose concentration can be expressed as the differ- 
ence between the rates of entry and of exit: 


dt sox CGin (1) 


where c is the first order rate constant for the exit process. The 
rate constant for the entry system is contained in the constant 
y. Upon integration between t = 0 andt = »o, the latter rep- 
resenting the steady state, this becomes 


Gin = — (2) 
c 


Att = o, the equilibrium value of G;,, designated G,,, is equal 
to y/c and Equation 2 reduces to: 


= 
(G,, Gin) 
2.303 log -— —ct (4) 


In this form the data can be plotted to yield a straight line 
whose slope is —c, the rate constant of the exit reaction. From 
this and the steady state level G, the value of y, the activity of 
the entry process, can be derived. 


Effect of Growth in Presence of Galactose—The mutant strain | 


ML 32,400 is incapable of growth on galactose, but the presence 
of traces of this sugar during growth on another substrate re- 
sults in a greatly altered capacity to accumulate galactose (Table 
I). The steady state level of galactose accumulated by resting 
cells is reduced to one-fifth of the control value when the organ- 
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TABLE I T T 
Galactose accumulation with cells grown in presence of traces of 
galactose = 75 
Cells were harvested, washed by centrifugation in substrate- 
free salt medium and resuspended in the same medium containing {2 
Chloromycetin. The uptake of galactose-C'* was measured at > 
37° with the Millipore filter technique described in Paper I of this 50+ 
series (1). = 
= 
Y 
Succinate (0.4%) + galactose (10-*M).......... 3.0 2 
Succinate (0.4%) + galactose (10-*M)......... 3.3 CONTROL 
$/GALACTOSE 2XI05M 
4,30 0 0 100 200 
CELLS MICROGRAMS PER: ml. 
s =33 " C=013 Fic. 2. Kinetics of induction of the exit system. Cells were 
x ¥ cl ~0.2r obtained by growth on 0.4% succinate and harvested in the expo- 
oF 20 +1 2 nential phase. Washed cells were suspended in salt medium con- 
w 2 8 0.3- “| taining either 0.4% succinate alone or 0.4% succinate together 
uu 8 04+ _| with 2 X 10-5 galactose. Aliquots were taken at the indicated 
SUCCINATE growth was stopped by the addition of Chloromycetin. 
ter centrifugation the cells were washed twice with substrate- 
re) 10 +10 OM — ar S 0.5 SUCCINATE free salt medium, containing Chloromycetin, resuspended in the 
= Ym. 06+ +10 SM + same medium and tested for uptake of galactose-C'. The exit 
° ZO GALACTOSE activity c was assumed to be inversely proportional to the steady 
= 0 .C=0.52 || state level and the values represent the total activity per milli- 
0 10 20 6 0 5 10 liter of the original culture. 
MINUTES MINUTES 
1. Kinetics of galactose uptake in cells grown with traces 
of galactose in the growth medium. Growth was on 0.4% succi- — 08 - 
nate in salt medium 63 with 10-5 m galactose. Cells were har- © 06+ ae 3 
vested and washed by centrifugation in salt medium lacking both = 20- " , 
succinate and galactose. Washed cells were resuspended in salt = 
medium containing Chloromycetin. Incubation was at 25°, with © 0.4 Ne ol 
0.25 mg of bacterial dry weight per ml. Galactose-C" (final con- & % a 
centration = 2.7 10-5 mM; 1.1 X 10‘ c.p.m.) was added at zero 0.3 OGROWNON 
time. Aliquots of 1.0 ml were filtered at the indicated intervals. ww 10 pM Ob MANNOSE 
The right hand portion of the figure shows the data plotted accord- _~ SCFLLS GROWN ~<a e MANNOSE 
ing to Equation 4. ro) ; 
= ON MANNOSE,THEN| THEN GLUCOSE 
j j ye j © GLUCOSE © 
ism is grown on succinate plus 10-* m galactose. Higher con- g 
centrations of galactose are without further effect; in this respect = 0 lO 20 309 1-0 2 4 6 
the behavior of galactose resembles that of a gratuitous inducer. MINUTES MINUTES 


Entry and Exit Rates in Cells Grown in Presence of Galactose— 
In order to determine whether the presence of galactose during 
growth affects the transport mechanism directly, 1.e. reduces 
the rate of entry of galactose, kinetic studies were carried out 
with cells grown in the presence and absence of galactose (Fig. 
1). It was evident from a gross inspection of the initial rate of 
entry that this was not sufficiently altered to explain the 5-fold 
decrease in the steady state level of galactose-C™ accumulated. 
Plot of the data as log (G, — Gin)/G, against time yielded 
straight lines with slopes of —0.11 min“ for the succinate grown 
cells (G,, = 27.7 umoles per g dry weight) and —0.52 min“ for 
cells grown on succinate in the presence of 10-5 m galactose 
(G., = 5.9 pmoles per g dry weight). Thus the loss of galactose 
is nearly 5 times more rapid with cells which have been grown 


-on galactose. The value for y, calculated from the relation y = 


cG,,, is unchanged, 3.0 uymoles X g-! X min~ in cells grown on 
succinate and 3.1 umoles X g~! X min“ in cells grown on succinate 
with galactose. Thus the activity of the entry system is unaf- 
fected by growth in the presence of galactose, and the decrease in 


Fig. 3. Kinetics of galactose uptake in cells grown on mannose 
or glucose. Cells grown overnight on mannose were diluted with 
10 volumes of salt medium containing glucose (0.2%) or mannose 
(0.4%). After 2 hours at 37° each culture was harvested and 
washed twice with substrate-free salt medium, finally suspended 
in salt medium containing Chloromycetin. Galactose-C' uptake 
was tested at 25°, as described in the legend to Fig. 1. 


capacity is the result of an increased rate of galactose exit from 
the cells. 

Induction of Exit System—The increase in exit activity exhibits 
all the attributes of an inducible process. As already indicated, 
it is affected maximally by very low concentrations of galactose. 
It does not occur when cells are incubated with galactose in the 
absence of growth. Washed cells, incubated at 37° for 2 hours 
with 10-4 m galactose and 50 ug per ml of Chloromycetin, showed 
a decrease in G, of 8%, compared with a decrease of 7% in the 
control culture similarly incubated without galactose. On the 
other hand when the activity of the exit system was measured 
in growing cells after addition of galactose. it was found to aug- 
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= 1 10 ment linearly from the time of galactose addition (Fig. 2), 
WITH SUC- type of linear increase with growth is characteristic of in- 
wd CINATE © 0.8 e ducible systems (5). The major difference is the presence in 
= 20 _ADDED a 0.6 x ze this case of appreciable exit activity in the absence of inducer, 
S \ it remains to be determined whether induction leads to an in- 
ao “yp O4r \ +SUCCINATE crease in activity of an existing system or to the appearance of 
& a new exit pathway. 
“10+ £ witHouT 73 Galactose Accumulation in Glucose-Grown Cells—Cells grown on 
—_J SUCCINATE 0.27 -SUCCINATE | glucose, like those grown in the presence of galactose, also show 
= A a reduced capacity to accumulate galactose, but in this case the — 
= rate of exit is unchanged and the rate of entry is reduced (Fig. 
Oo 0 ; 1—t_j__t_t__t 3). In this experiment cells were grown first on mannose and 
= 0 0 20 . £6 6 then transferred to glucose for several divisions, since the level 
MINUTES MINUTES of galactose-C™ accumulation in glucose-grown cells was too low 
Fia. 4. The effect of succinate on the accumulation of galactose- for kinetic studies. In this case the value of c is found to be 
C*, Cells were obtained by growth on 0.4% succinate in the identical with both types of cells; it is the reduced entry rate 
Galactose uptake ae measured as described ‘in the legend to Fig. Inhibitors of Ext Reaction—Under certain conditions it was 
1, except that one vessel contained 0.025 m succinate whereas the possible to demonstrate a direct inhibition of the exit process, 
other contained no added substrate other than the galactose-C'*. This was true particularly with cells with a very active exit mech- ; 
anism, such as those obtained by growth in the presence of suc- § 
1.0 T T -cinate and 10-5 m galactose. Such cells were able to accumulate g 
08h af far greater quantities of galactose when they were tested in a ; 
medium containing succinate (Fig. 4). Kinetic analysis showed 
0.6/- 2 the effect of succinate to be due to a decrease in the rate of loss ' 
of galactose, rather than to an effect on the rate of entry, which 
a 04+ was unchanged by the addition of succinate. 
4 g 4 A similar phenomenon is observed when the accumulation of 
Q o galactose is tested in the presence of methyl-a-p-glucoside, a 
oO nonmetabolizable substrate, as shown in Paper I of this series 
a a.. 4 (1). With cells grown on mannose in the presence of traces of 
galactose, the effect of methyl glucoside is to increase by nearly 
e 2-fold the level of galactose accumulated. When the data are 
.) plotted as log (G.. — Gin)/Gin against time (Fig. 5) it becomes 
0.1 i i J evident that the effect of methyl glucoside is primarily to reduce 
e) lO 20 30 40 5.0 the rate of loss of galactose, since in the presence of the gluco- 
MINUTES side c = 0.40 compared with c = 0.78 in its absence. The values 
Fic. 5. Effect of a-methyl glucoside on the rate of loss of galac- of y calculated from these and the steady state galactose concen- 
tose. The experiment reported in Paper I of this series (1) (Fig. trations are 2.4 wmoles X g-! X min“ and 2.8 umoles Xx g™ 
7) is here plotted to show the effect on the exit reaction. Experi- tively: this diff 
ment with a-methyl glucoside is represented by @; no addition min”, Fespecuvery ; 
other than galactose-C™ is represented by O. the error of the experimental procedure. It should be noted 
TaB_eE II 
Summary of entry and exit rates under various conditions 
E — Cols grown cn Addition level rate 
pumoles/g cells umoles/g cells K min min 
1 Succinate None 27.7 3.0 0.11 
Succinate + 10-* m galactose None 5.9 3.1 0.52 Be 
2 Mannose None 23.8 4.5 0.193 The 
Mannose then glucose None 8.4 1.6 0.193 sn 
3 Succinate + 10-5 m galactose None 4.2 3.8 0.90 a 
Succinate + 10-5 m galactose Succinate 28.3 4.1 0.143 
4 Mannose + 107-5 m galactose None 3.6 2.8 0.78 that 
Mannose + 10-* m galactose a-Methyl glucoside 6.0 2.4 0.40 on : 
sum 
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Fic. 6. Displacement of accumulated galactose-C' by 2,4- 
dinitrophenol in cells grown in presence or absence of traces of 
galactose. Cells were obtained by growth on 0.2% mannose or 
0.2% mannose + 10-4‘ m galactose. They were washed and sus- 
pended in salt medium plus Chloromycetin as previously de- 
scribed. The experiment was carried out at 37° with 2 X 10-' m 
galactose-C!*. Dinitrophenol or glucose was added as indicated 
at 10.25minutes. The final dinitrophenol concentration was 1.2 X 
10-3 m; glucose was 8 X 10-m. The ordinate is plotted as counts 
per minute in the cells. 
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Fic. 7. First order plot of galactose displacement. The data 
in Fig. 6 are plotted to show the first order reaction velocities. 
The two upper lines show results obtained with cells grown on 
mannose alone; the lowest curve is a composite obtained with cells 
grown on mannose plus galactose. The X represents displace- 
ment by glucose; the @, displacement by dinitrophenol. Note 
that the values do not extrapolate to zero time. 


that methyl glucoside produces a similar effect with cells grown 
on succinate in the absence of galactose. 

The entry and exit constants under various conditions are 
Summarized in Table II. 


The entry reaction is affected by 
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growth on glucose; its activity is inhibited by L-arabinose or 
methyl-6-p-galactoside. The activity of the exit system is in- 
creased by growth in the presence of traces of galactose. The 
addition of succinate or a-methyl glucoside reduces the rate at 
which galactose passes out of the cells. 

Direct Measurement of Exit Reaction—If it be assumed that 
2,4-dinitrophenol blocks only the entry of galactose into the 
cells, and not its exit, then this compound can be employed for 
a direct measurement of the exit reaction.2. The results obtained 
when 2 ,4-dinitrophenol is added to cells which have accumulated 
galactose provide a direct confirmation of the difference in exit 
rates between cells grown in the presence or absence of galactose 
(Figs. 6 and 7). After addition of dinitrophenol the time re- 
quired for the internal galactose to reach one-half the steady 
state level, estimated from the first order plot in Fig. 7, is about 
2.5 minutes for cells grown on mannose alone and about 0.3 min- 
ute for the corresponding cells obtained from growth on mannose 
in the presence of galactose. The assumption that dinitrophenol 
affects only the entry rate is supported by the fact that essen- 
tially the same rate of loss is obtained from a determination of 
c by the kinetic method, with the use of the 0- to 10-minute 
points in the same experiment. The value of c derived from 
these data is 0.41 min~; the half-time calculated from this value 
is 1.7 minutes. This coincidence of exit rates derived from the 
shape of the entry curve and from the measurements after addi- 
tion of dinitrophenol lends strong support to the basic assumptions. 

The rate of loss of galactose is considerably accelerated by the 
addition of glucose, in which case the half-time for exit of galac- 
tose is about 1 minute (Figs. 6 and 7). A similar stimulation 
of the exit reaction is noted when galactose-C™ is displaced with 
an excess of cold galactose (1). Kepes (3) has reported such a 
stimulation of the exit reaction with the galactoside transport 
system. 


DISCUSSION 


The results reported here offer strong support for the catalytic 
transport ‘‘permease”’ model proposed by Cohen and Monod (4) 
for the accumulation of galactosides in FE. coli. The steady 
state level is clearly the result of a balance between rate of up- 
take and rate of exit. That the exit process, to some extent at 
least, is independent of the entry process is confirmed by the 
fact that its activity can be increased or decreased without cor- 
responding changes in the activity of the entry system. 

Kepes (3) has presented evidence that the loss of galactosides 
is not caused by simple diffusion, and he has proposed a model 
involving complex formation with a transporter to account for 
passage through the osmotic barrier in either direction. The 
present results with galactose are entirely consistent with such a 
model, which includes the assumption that the osmotic barrier 
is completely, or nearly completely, impermeable to galactose. 

For the entry of galactose, the first step would be reaction of 
external galactose with an activated transporter substance (7"*), 
present in the osmotic barrier. This reaction is catalyzed by 
an enzyme E;, assumed also to be present in the osmotic barrier. 
The second step would require dissociation of the transporter- 
galactose complex (7-galactose), catalyzed by an enzyme £2, 
found inside the cell. This would regenerate the transporter T 


2 The use of 2,4-dinitrophenol for these experiments was sug- 
gested by M. Cohn. 

3 The values of c were found to vary considerably and the most 
reliable comparisons are made with data from the same experi- 
ment. 
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and liberate free galactose within the cell. Once in the interior 
of the cell, the substrate would become unavailable to enzyme 
E,, and would accumulate until the reaction catalyzed by F, 
became appreciably reversible, owing to the high concentration 
of internal galactose. Eventually this reaction would become 
equal in rate to that catalyzed by E,, and steady state would 
be reached. 

The effect of growth in the presence of galactose might be to 
increase either the activity of HZ2, or the quantity of the trans- 
porter substance. The acceleration of galactose exit seen in the 
presence of glucose may be explained if it be assumed that glu- 
cose uptake involves an enzyme different from E,, but the same 
transporter, and that the reaction of internal galactose with free 
transporter (7') is less efficient than an exchange reaction with 
transporter-bound glucose (7'-glucose) : 


T-glucose + galactose = T-galactose + glucose 


To account for the results observed, it is necessary to make the 
further assumption that this exchange reaction is catalyzed by 
E. and that this route cannot therefore be used by external 
galactose. 

This model is consistent with most of the observations re- 
ported. It does not explain the stimulating effect of low glucose 
concentrations (1), nor the effect of succinate in reducing the 
velocity of the exit reaction. Until further knowledge of the 
transport mechanism is gained, it may, however serve to provide 
ome useful guidelines for future research. 


Galactose Transport in E. coli. ITI 
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SUMMARY 


Kinetic studies of galactose uptake by Escherichia coli ML 
32,400, which lacks galactokinase, reveal the presence of an in- 
ducible exit mechanism. The uptake of galactose is a consti- 
tutive property in this organism. However, growth on mannose 
or succinate in the presence of traces of galactose reduces the 
equilibrium internal galactose concentration because of a 5-fold 
increase in the rate of exit of galactose. Growth in glucose, on 
the other hand, depresses the rate of entry. 

Loss of galactose is a first order reaction. It is inhibited by 
succinate or methyl-a-p-glucoside and both of these increase the 
steady state level of galactose accumulation. 


Direct measurement of galactose exit can be made after the | 


addition of 2,4-dinitrophenol, which blocks the entry reaction. 
Whether calculated by kinetic methods from the entry curve or 
directly after the addition of dinitrophenol, identical exit-rate 
constants are obtained. 

The data are consistent with the transporter model of Kepes. 
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The impairment of synthesis in vitro of ascorbic acid by liver 
extracts from animals deprived of vitamin E (1, 2) is due to the 
inhibition of the enzyme(s) located in the microsomes (3) which 
catalyzes the oxidation of t-gulonolactone to L-ascorbic acid. 
This enzyme or enzymic complex will be termed gulonolactone 
oxidase. Concurrent with the inhibition of gulonolactone oxi- 
dase, a material is formed which reacts with thiobarbituric acid 
to produce a red pigment, and because all of the factors which 
restored the synthesis of ascorbic acid also stopped the forma- 
tion of the TBA-reacting material, the hypothesis was advanced 
that both phenomena were related (4). 

The inhibition of ascorbic acid synthesis in vitro is apparent 
24 hours after starting the animals on a low tocopherol diet. 
The appearance of this manifestation before any other symptom 
of vitamin E deficiency led to the search for some condition 
inherent to the test system which might enhance the inhibition. 
This paper reports the existence in the test system for ascorbic 
acid synthesis of several processes which result in the formation 
of TBA!-reacting material. ‘These involve spontaneous, cat- 
alytic, but nonenzymic, as well as enzymic processes. The re- 
sults also show that at least two TBA-reacting materials are 
produced; the most abundant @ppears to be malonaldehyde, 
which has been implicated by Patton et al. (5, 6) as a TBA- 
reacting material resulting from lipid peroxidation. 

Gulonolactone oxidase has been obtained in a soluble form 
from rat liver microsomes, and further fractionated to allow a 
more detailed study of the interference in ascorbic acid synthe- 
sis by malonaldehyde formation. 


EXPERIMENTAL 


Materials and Methods 


The diets for vitamin E-sufficient and vitamin E-deficient 
rats were described previously (1). The determinations of ascor- 
bic acid and TBA-reacting materials were done by the 
methods of Roe and Kuether (7) and Ottolenghi (8), respec- 
tively. The incubation system for gulonolactone oxidase was 
adapted from Kanfer et al. (9) and consisted of 2 umoles of 
L-gulonolactone in phosphate buffer, pH 7.5, plus variable 


} amounts (0.05 to 0.2 ml) of enzyme suspension or solution; total 


* This work supported in part by grants from the National In- 
stitutes of Health and the Muscular Dystrophy Associations of 
America. 

‘The abbreviations used are: TBA, thiobarbituric acid; EDTA, 
ethylenediaminetetraacetate. 


volume, 1 ml. tL-Gulonolactone was prepared by the method 
of Wolfrom and Anno (10), which was carried out through the 
first crystallization with absolute ethanol. The melting point 
of the product obtained, (179-180°), agreed with that given by 
Wolfrom and Anno. The determination of the lactone by the 
hydroxamic acid method of Eisenberg and Field (11) gave 60 
to 70% purity in different batches. Linolenic acid was ob- 
tained from the Hormel Institute, Austin, Minnesota. 1,1,3- 
Trimethoxy-3-ethoxy propane was obtained from the Kay Fries 
Company, New York, New York. Malonaldehyde was pre- 
pared from this diacetal by acid hydrolysis according to the 
method of Saslaw and Waravdekar (12), and purified by distilla- 
tion under reduced pressure at 34°. Malonic acid was obtained 
from Eastman Kodak Company. 

Preparation of Microsomes—Small batches of microsomes 
(corresponding to 1 to 2 g of liver) were prepared by homogeniz- 
ing the liver in a glass homogenizer in 5 volumes of 0.15 m phos- 
phate buffer, pH 7.5. After separation of the nuclei and mi- 
tochondria at 5000 xX g, the fraction which sedimented at 
104,000 x g was collected and washed twice with the buffer, and 
resuspended in buffer so that 1 ml of the suspension contained 
the equivalent of microsomes in 1 g of liver. 

Large batches of microsomes were prepared by homogenizing 
the livers of 8 to 12 rats in 5 volumes of phosphate buffer for 
30 seconds in a Waring Blendor. Nuclei and mitochondria 
were separated by centrifugation at 8000 x g for 20 minutes 
and the microsomes isolated from the supernatant at 68,000 x g 
for 2 hours. The microsomes were washed and resuspended in 
buffer as above. 


RESULTS 
Studies with Microsomes 

Endogenous Production of TBA-reacting Materials—Prepara- 
tions consisting of microsomes and supernatant solution from 
liver of vitamin E-deficient animals produced TBA-reacting 
materials (4), which will be shown below to consist mainly of 
malonaldehyde. Table I shows that the factors required for 
this production are distributed in the microsomes and the super- 
natant solution. The factor in the supernatant solution is di- 
alyzable and can be substituted by Cut, Fe++, Cu*++, or Fet++ 
salts. Heating the supernatant in a boiling water bath for 2 
minutes destroys most of its ability to form TBA-reacting ma- 
terial when incubated with microsomes. This does not exclude 
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the possibility that the factor(s) in the supernatant are metal 
ions because it was observed that if FeSO, is added to the super- 
natant solution and heated, the catalytic activity disappears, 
but if the addition of FeSO, is made after heating, its catalytic 
activity is retained. Salts of Zn++, Ni++, Cet++, Cet+++, and 
Crt+++ were also tested, but had negligible activating effects on 
the production of TBA-reacting materials. 

The factor in the microsomes was not inactivated by standing 
in a boiling water bath for 2 minutes and since it was known 
that the peroxidation of fatty acids originates TBA-reacting 
material (13), the lipids of the microsomes were isolated. A 
suspension of microsomes prepared as described above, was 
dried in a vacuum over silica gel and the dry residue ground 
and extracted 4 times with 5 volumes of chloroform. The ex- 
tracts were pooled, dried, and homogenized with 0.15 m phos- 
phate buffer, pH 7.5, to reconstitute the original volume of the 
microsomal suspension. A saponified fraction was prepared by 
refluxing portions of the dry lipid extracts 30 to 60 minutes with 
25 volumes of a 1.0% solution of NaOH in ethanol and evapo- 
rated to dryness. The unsaponified material was extracted 
with chloroform. The saponified lipid was acidified and ex- 
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tracted with chloroform. The chloroform was removed by 
evaporation and the fatty acids suspended in water. Table J 
shows that the microsomal lipid and the saponified fraction ob- 
tained from it can substitute for the microsome suspension ag 
substrates for the formation of TBA-reacting material. The 
quantities of the latter produced by equivalent amounts of 
microsomal suspension and microsomal lipids were similar, 
Pure linolenic acid can also substitute for the microsomes. The 
nonsaponifiable fraction did not stimulate the formation of 
TBA-reacting material. 

The conclusion reached from the experiments summarized in 
Table I is that the endogenous TBA-reacting material, formed 
in the enzymic preparations from vitamin E-deficient animals 
which synthesize ascorbic acid, is produced in the process of 
peroxidation of microsomal lipid catalyzed by metal ions in the 
supernatant solution. Microsomes from animals fed tocopherol 
did not produce TBA-reacting material, but the lipid extracted 
from them produced a small amount of this material when in- 
cubated with iron. 

Production of TBA-reacting Material in Presence of Gulono- 
or Glucuronolactones—Table II shows that when gulonolactone 


TABLE I 
Factors in microsomal and supernatant fractions intervening in endogenous production of malonaldehyde 


Incubation system: 0.05 ml of microsome suspension; metal ion concentrations, 2.5 X 10-§'m; EDTA, 1.25 XK 10-5 m; other additions 
equivalent to 50 mg of liver; total volume, 1 ml in PO, buffer, pH 7.4. Incubation period, 2 hours at 37°. TBA reaction by the 


method of Ottolenghi (8). 


Preparation from vitamin Preparation from vitamin 
E-deficient rats E-sufficient rats 
Liver preparation Additions 
No. of Malonaldehyde No. of Malonaldehyde 
experiments produc experiments produ 
OD 535 mp OD 535 mp 
Total enzyme* — 8 0.444 3 0.001 
Microsomes — 12 0.077 6 0.009 
Supernatant solution — 7 0.002 4 0.000 
Microsomes Supernatant solution 11 0.510 2 0.000 
Microsomes Dialyzed supernatant 5 0.057 1 0.000 
Microsomes Dialysate of supernatant 5 0.354 1 0.008 
Microsomes Heated supernatantt 4 0.021 
Microsomes Heated dialysatef 2 0.048 
Microsomes Cut 2 0.799 
Microsomes Cut* 2 0.555 1 0.010 
Microsomes Fet+ 7 0.561 1 0.050 
Microsomes Fet+ + EDTA 2 0.048 
Microsomes Fet*+ + Cot* 2 0.050 
Microsomes Fe**+ + Mn** 2 0.119 
Heated microsomest — 1 0.055 
Heated microsomesf Supernatant solution 3 0.509 
Heated microsomesf Fet* 2 0.625 
Microsomal lipidf — 4 0.069 1 0.000 
Microsomal lipidt Supernatant 1 0.254 
Microsomal lipidt Fet* 11 0.735 1 0.145 
Microsomal lipidf Fe*+ + EDTA 3 0.575 
Microsomal lipidt Fet* + Cott 3 0.650 
Microsomal lipidt Fe**+ + Mn** 3 0.579 
Microsomal lipid (saponified fraction) Fe** 1 0.655 


* Microsomes plus supernatant solution. 
+ Heated 2 minutes in a boiling water bath. 
t Equivalent to 0.05 ml of microsomes. 
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is incubated with microsomes from vitamin E-deficient rats, 
TBA-reacting material is produced. Unlike the reaction be- 
tween iron salts and microsomes, that with gulonolactone did 
not proceed if the microsomes were previously inactivated in a 
boiling water bath. b-Gulonolactone could not substitute for 
the isomer. 

Glucuronolactone spontaneously forms a TBA-reacting ma- 
terial when incubated in phosphate buffer at pH 7.5. In addi- 
tion to the chromogen produced spontaneously, the incubation 
of glucuronolactone with active microsomes originates another 
TBA-reacting material. The latter process is heat labile and 
assumed to be enzymic. The products of the spontaneous and 
enzymic processes are not identical (see under “Identification 
of Malonaldehyde’’). 

Production of TBA-reacting Material in Presence of Ascorbic 
Acid—It is known that ascorbic acid catalyzes the peroxidation 
of fatty acids (8, 13, 14). This observation was confirmed 
(Table II) for the preparations which synthesize ascorbic acid 
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and so this product was assumed to be an autoinhibitor of its 
production. Several attempts were made to elucidate whether 
or not the production of ascorbic acid was the only mechanism 
by which TBA-reacting material was produced from gulonolac- 
tone, but no conclusive evidence has been obtained on this 
point. 

Identification of Malonaldehyde—No differences could be de- 
tected in the properties of the TBA-reacting material produced 
by the catalytic action of metals (iron salts) on ‘‘E-deficient 
microsomes” or microsomal lipid, and that originated by the 
interaction between microsomes and gulono- or glucuronolac- 
tones, or ascorbic acid. Results of several methods identified 
the TBA-reacting material as malonaldehyde. The absorption 
spectra of the pigments obtained from the reaction with TBA 
were identical to that of the corresponding compound obtained 
with malonaldehyde. This spectrum, which was first studied 
by Kohn and Liversedge (15), has a maximal absorption be- 
tween 528 to 532 mu. Paper chromatography of the pigments 


TABLE II 
Effect of ascorbic acid and intermediates in its synthesis on formation of TBA-reacting material 


Incubation system: Conditions are as in Table I except for the addition of 2 umoles of ascorbic acid or its precursors. Preparations 
are from livers of vitamin E-deficient rats. Tocopherol, when added, is at the concentration of 2 mg per g. of liver, for procedure see 


(3). 


Liver preparation Additions Ph " TBA reaction 
OD 535 my 

-— L-Gulonolactone 5 0.000 
Microsomes 12 0.077 
Supernatant solution L-Gulonolactone 2 0.002 
Microsomes L-Gulonolactone 9 0.661 
Heated microsomes* L-Gulonolactone 5 0.088 
Microsomes L-Gulonolactone + Co** 4 0).068 
Microsomes L-Gulonolactone + EDTA 4 0.024 
Microsomes L-Gulonolactone + tocopherol 2 0.057 
E-Suflicient microsomestT L-Gulonolactone 5 0.006 

p-Glucuronolactonet 2 0.000 

— p-Glucuronolactone 4 0.139 
Microsomes p-Glucuronolactone 7 0.351 
Microsomes p-Glucuronolactone + Fe** 2 | 0.697 
Microsomes p-Glucuronolactone + Co** 4 0.147 
Microsomes p-Glucuronolactone + Mn** 1 0.200 
Microsomes p-Glucuronolactone + EDTA 5 0.145 
Heated microsomes* p-Glucuronolactone 2 0.237 
Microsomal lipid p-Glucuronolactone 1 0.145 
Microsomal lipid p-Glucuronolactone + Fet* 1 0.375 

L-Ascorbie acid 2 0.007 
Microsomes L-Ascorbie acid 3 0.541 
Microsomes L-Ascorbie acid (0.2 umole) 2 0.890 
Microsomes L-Ascorbie acid (0.2 umole) + Co** 1 0.078 
Microsomes L-Ascorbie acid (0.2 umole) + Mn** 1 0.080 
Microsomes L-Ascorbie acid (0.2 umole) + EDTA 1 0.075 
Heated microsomes* L-Ascorbic acid (0.2 umole) 1 0.413 
Microsomal lipid L-Ascorbiec acid (0.2 umole) 2 0.414 
Microsomal lipid L-Ascorbie acid (0.2 umole) + Co*t 1 0.360 
Microsomal lipid L-Ascorbic acid (0.2 umole) + Mn** 1 0.300 
Microsomal lipid L-Ascorbie acid (0.2 ymole) + EDTA 1 0.085 


* Two minutes in boiling water bath. 
t Microsomes from liver of vitamin E-sufficient rats. 
t Not incubated. 
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The procedure for this last identification was as follows. The 
products of a 4-hour incubation of 40 ml of microsomal sus)pen- 
sion with 800 uwmoles of gulonolactone were acidified to pH 


1 to 2 with HCl and distilled under reduced pressure at 30° into 1. 
a flask surrounded by ice; the amount of malonaldehyde in the in 
distillate was determined colorimetrically (0.4 mg was found) ti 


and two equivalents of NaHSO; added. The solution was then 
concentrated to dryness and the residue dissolved in 0.5 ml of 
water; 0.1 ml of 10 N NaOH and 0.1 ml of 30% H.O>s were ~ 
added and the mixture then immersed for 30 minutes in a boil- 
ing water bath. The cations were removed by passage through 
. | - a small Dowex 50 column (H+ form) and the solution which 
passed, plus the washings, were concentrated almost to dryness. 
The oxidized product was chromatographed on paper with a 
solvent of propanol-ammonia (6:4) (16), eluted and rechromato- 
graphed in the same system. The Ry, values obtained for the 
products of oxidation of authentic malonaldehyde and _ the 
problem sample were 0.19 and 0.20, respectively; for authentic 
malonic acid, 0.21. 

The TBA-reacting material obtained from the spontaneous 
transformation of glucuronolactone is not malonaldehyde. The 
peak of the absorption spectrum of the pigment formed with 

TBA is at 551 my and in paper chromatography the pigment 
| runs slower than that of malonaldehyde (Fig. 1). 
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Studies with Solubilized Gulonolactone Oxidase 


Preparation of Gulonolactone Oxidase—Kanfer et al. (9), re- 
ported the solubilization of gulonolactone oxidase by sonic dis- 
integration. The method was repeated in this laboratory and 
their results were confirmed although the yield was poor; there- 
fore other methods were attempted. Treatment with butanol 
resulted in complete inactivation. Chatterjee et al. (17) used 
Na-deoxycholate for this solubilization. We used sodium cho- 
late which afforded a simple method, giving relatively good 
vields. Liver tissue was obtained from rats fed commercial 


TaBLeE III 


Solubilization and fractionation of gulonolactone oxidase 
For method of enzyme preparation: See under ‘‘Preparation of 


+ 

GUL. GUL. GLU Gulonolactone Oxidase.”’ 

C. GLUC. For method of determination of gulonolactone oxidase: See 
Fic. 1. Chromatography of TBA complexes of chromogens pro- Table IV. 10 
duced by liver microsomes of vitamin E-deficient rats. Solvents: Mee a‘ gra 
A, pyridine-butanol-water, 3:2:1.5; B, 85% ethanol. Markers: | | 
MICR., microsomes; A MICR., microsomes heated in boiling water ment Preparation acid syn- | activity reaction enzyme 80 
bath 2 minutes before incubation; MJCR. LIP., chloroform-ex- No. mane pining: Wa 
tracted lipid fraction of microsomes; GUL., gulonolactone,; OD 340 | OD $35 
GLUC., glucuronolactone; MAL., synthetically prepared, 2X mp*/mg | mpt/m t 
crystallized malonaldehyde-TBA pigment. Pigments were ex- proteint | protein 
tracted from the TBA reaction mixture (previously extracted 3 | Microsomal suspension 11 0.18 1.16 — y 
with ether) with HCl-isoamyl alcohol (1:1), immediately applied Solubilized microsomes 6 0.27 0.55 57% a 
to paper and air-dried. After descending irrigation, the dried pa- oa 
6 | Solubilized microsomes, 19.5 | 0.15 | 0.610 eac 

ostat developing process of Apeco , Texas). . cr : 

Spots with less than 0.5 ug of malonaldehyde are visualized by this (N H,) 
procedure. ration 
(NH,) 2SO, 40-90% sat- 2.8 0.09 0.717 vit 

ve uration mul 
in two solvents (85° ethanol and a mixture of pyridine-butanol- = in | 
water, 3:2:1.5) had R»r values identical (Fig. 1) to those ob- * Roe and Kuether method (7). a 
tained for the malonaldehyde pigment. Finally, the reaction t Ottolenghi method (8). t a 
products were oxidized with H.O2 and malonic acid obtained. t Lowry et al. method (23). res 


1594 
MICR. AMICR. MAL. AMICR. MICR. 


June 1960 


Kitabchit, McCay, Carpenter, Trucco, and Caputto 


1595 


TaBLE IV 
Production of malonaldehyde and synthesis of ascorbic acid by the 40* and 90* microsomal fractions 
Incubation system: 0.05 ml of 40 fraction* or 0.1 ml of 90 fraction*, 2 umoles L-gulonolactone, Co**+, Mn**, Fe**, 2.5 X 10-'m; EDTA, 
1.25 X 10-5 m; microsomal lipid and 90 lipid (lipid extracted from 90 fraction) equivalent to 0.05 ml of microsomal preparation. Heat 
inactivation: 2 minutes in boiling water bath. Total volume of incubation mixture, 1 ml in 0.15 m phosphate buffer, pH 7.4. Incuba- 
tion period, 2 hours. TBA determination as in Table I, ascorbic acid by the method of Roe and Kuether (7). 


aia umole/2 hr OD 535 my 
a. 40 — 0.34 0.000 
Heated 40 Microsomal lipid 0.00 0.003 
40 Microsomal lipid 0.16 0.243 
40 Microsomal lipid + Fet* 0.11 0.360 
40 Microsomal lipid + EDTA 0.31 0.002 
90 (no gulonolactone) — 0.00 0.000 
90 — 0.05 0.717 
Heated 90 _ 0.00 0.000 
40 + 90 — 0.17 1.100 
Heated 40 + 90 — 0.04 0.757 
40 + Heated 90 — 0.09 0.830 
Heated 40 + Heated 90 — 0.00 0.018 
b. 40 — 0.41 0.008 
40 (no gulonolactone) 90 lipid 0.00 0.004 
40 90 lipid 0.07 0.747 
40 90 lipid + tocopherolf 0.41 0.005 
c. 90 — 0.12 0.717 
90 0.37 0.007 
90 Mn** 0.36 0.004 
90 EDTA 0.35 0.006 
d. 40 te 0.38 0.000 
40 90 lipid 0.16 0.520 
40 L-Ascorbic acid (0.2 umole) 0.33 0.002 
40 L-Ascorbic acid (0.2 umole) + 90 lipid 0.00 0.830 
e. Heated 90 (no gulonolactone) — — 0.012 
Heated 90 (no gulonolactone) Fet* — 0.600 


* These terms are defined under ‘‘Preparation of Gulonolactone Oxidase.’’ 


t Five-tenths mg tocopherol homogenized with 0.5 ml 90 lipid. 


pellets.2 The procedure was as follows: 2.23 g of KCl were 
added to 10 ml of suspension of microsomes, corresponding to 
10 g of rat liver. Then, 400 mg of sodium cholate were added 
gradually. Each time a portion of the cholate was added, the 
solution was adjusted to pH 7.4 with NaOH. The suspension 
was then dialyzed against 100 volumes of 0.01 m potassium 


? The Editors called to our attention that rats fed commercial 
ration produce TBA-reacting material (Tables III, IV, and V), 
although the animals supposedly are not vitamin E deficient. 
Liver microsomes from our stock animals (fed Rockland rat diet) 
exhibit behavior similar to that of those from vitamin E-deficient 
rats. For example, in an experiment with groups of three animals 
each, incubation of isolated microsomes with L-gulonolactone gave 
the following results for ascorbic acid (umoles per g wet liver per 2 
hours) and TBA-reacting material (OD 535 my), respectively: 
vitamin E sufficient, 7.78 and 0.02; stock diet, 3.11 and 1.13; vita- 
min E deficient, 2.49 and 1.06. There is no apparent impairment 
in fertility of the rat colony from which the stock animals are ob- 
tained. It is interesting to note that Ryerson et al. (24) observed 
that rabbits on stock diet had a higher concentration of liver glu- 
tathione than vitamin E-supplemented animals, behaving in this 
respect as vitamin E-deficient rabbits. 


phosphate buffer, pH 7.4, for 12 hours. One-tenth volume of 
M phosphate buffer, pH 7.4, was added and the suspension cen- | 
trifuged at 100,000 g for 1 hour. The clear supernatant solu- 
tion retains about 50% of the original activity of the micro- 
somes. 

For the fractionation of this solution, solid (NH,)2SO, was 
added to 40% saturation and the suspension was centrifuged. 
The precipitate was suspended in 0.01 m phosphate buffer using 
0.2 of the original volume. (NH,)2SO, was added to the super- 
natant solution to 90% saturation. The two fractions men- 
tioned above are called 40 and 90 fractions, respectively, and 
they were thoroughly dialyzed against water before use. Most 
of the gulonolactone oxidase activity is found in Fraction 40 
(Table III). The enzyme was inactive under anaerobic condi- 
tions (9, 18) and could be reactivated with 1.7 « 10-3 m meth- 
ylene blue but not with 5 x 10-‘ M ferricyanide. It was not 
inhibited by 1 m CN-, 1 X 10-4 M atabrine, 1 x 10-‘m 
acryflavin, 1 X 10-* mM amytal, or by antimycin at a concentra- 
tion of 1.25 wg per ml. 
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Formation of Malonaldehyde in Presence of Gulonolactone— 
Table IV shows that Fraction 90, when incubated with L-gulono- 
lactone, contributes both a thermolabile and a thermostable 
factor to the production of malonaldehyde. The thermolabile 
factor can be replaced by Fraction 40 and so it is assumed that 
both fractions contain the same enzyme. At the present time 
it is not possible to state whether this enzyme is identical to 
gulonolactone oxidase. Addition of EDTA, Co++ or Mn++ to 
Fraction 90 activated this fraction for ascorbic acid synthesis, 
revealing that it contained gulonolactone oxidase which was 
inhibited because all the factors required by the malonaldehyde- 
forming process were present in this fraction. The thermosta- 
ble factor from Fraction 90 has been tentatively identified as a 
lipid since it produced malonaldehyde when incubated with 
iron salts, and because it could be replaced by microsomal 
lipid or linolenic acid when incubated with Fraction 40. Fur- 
thermore, Fraction 90 was lyophilized and extracted with a 
mixture of chloroform-methanol (3:1). After elimination of 
the solvent, the lipid extract was incubated with Fraction 40 
plus gulonolactone, resulting in the production of malonalde- 
hyde. 

The formation of malonaldehyde from gulonolactone and the 
lipid fraction is an enzymic process whereas the same formation 
from iron salts and the lipid fraction does not require a thermo- 
labile factor. Despite this difference in origin both processes 
are inhibitors of ascorbic acid synthesis (Table IV). 

Inhibition of Production of TBA-reacting Materials—Differ- 
ences were observed in the sensitivity of the various mechanisms 
producing TBA-reacting materials to agents which inhibit the 
production of these materials. Tables I and II show that the 
agents (Mn++, Cot+, EDTA, and tocopherol), which stopped 
the production of malonaldehyde in the enzymic system that 
synthesizes ascorbic acid from glucuronate (4), also stopped 
malonaldehyde production when washed microsomes were used. 
In addition, the inhibition occurred when malonaldehyde arose 
from the incubation of gulonolactone and gulonolactone oxidase 
with either microsomal lipid or the 90 fraction from the soluble 
enzyme preparation. The metal-catalyzed formation of malon- 
aldehyde from microsomal lipids was not sensitive to the inhib- 
itory effects of Co++ and Mn++. This was also true for the 
process yielding TBA-reacting material spontaneously from 
glucuronolactone incubated at pH 7.4. 

Noninhibitory Effect of Malonaldehyde—The influence of 
malonaldehyde on the synthesis of ascorbic acid was studied at 
concentrations ranging from 1 X 10-7 to 1 X 10-7 m. No 
marked effect was observed. Since the concentration of mal- 
onaldehyde found present in the previous studies with extracts 
from vitamin E-deficient animals was never observed to be 
more than 2 wg per ml of incubation mixture (equivalent to 
3 X 10-5 m malonaldehyde), it was concluded that malonalde- 
hyde is not the factor which is responsible for the inhibition of 
ascorbic acid synthesis. 

Inhibition versus Destruction of Ascorbic Acid in Soluble En- 
zyme System—The method of Roe and Kuether (7) used in this 
work determines ‘‘total ascorbic acid,”’ namely, 2,3-diketogu- 
lonic, ascorbic, and dehydroascorbic acids. Previous work had 
shown that an increased destruction of ascorbic acid could not 
account for the decrease of ‘“‘total ascorbic acid’”’ synthesis by 
intact liver microsomes of vitamin E-deficient animals. How- 
ever, since the possibility existed that in this system the exog- 
enous ascorbic acid might not have penetrated into the micro- 
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somes, the question of the rate of destruction was re-examined 
with the soluble gulonolactone oxidase preparation. Results in 
Table V show that no substantial change in the rate of destruc. 
tion was introduced by the addition of a lipid fraction that in- 
creased the malonaldehyde formation and decreased synthesis 
of ‘‘total ascorbic acid.” 

Course of Inactivation of Gulonolactone Oxidase during Malon- 
aldehyde Formation—Fig. 2 shows that the inactivation of 
gulonolactone oxidase in the presence of microsomal lipid or the 
lipid extracted from Fraction 90 had a lag period whereas the 
formation of malonaldehyde was linear at the early stages of 
the reaction. Since there is considerable evidence that both 


TABLE V 
Inhibition of synthesis compared to destruction of ascorbic acid 
Enzyme preparation used, 0.05 ml of 40 fraction.* For deter- 
mination of synthesis see Table IV; system for determination of 
destruction is identical except that gulonolactone is replaced with 
ascorbic acid. 


Additions Ascorbic acid Mlonaldehyde 
Synthesis: pmole/2 hr OD 535 mp 
0.31 0.002 
90 lipid 0.15 0.341 
Destruction: wmole/2 hr 
L-Ascorbic acid (0.2 umole) tf 0.07 0.002 
L-Ascorbic acid (0.2 wymole) + 90 0.08 0.589 
lipidt 


* This term is defined under ‘‘Preparation of gulonolactone 
oxidase.”’ 
Tt No gulonolactone. 


MALONALDEHYDE>* 180 


140 


MICROMOLES ASCORBIC ACID 
2 


5 15 30 60 120 
MINUTES OF INCUBATION 


Fic. 2. Inhibition of gulonolactone oxidase and the formation 
of malonaldehyde. ---- (A), ascorbic acid synthesis: Fraction 40, 
0.05 ml; gulonolactone, 2 wmoles; 0.15 m phosphate buffer, pH 
7.4; total volume 1 ml. - - - (B), ascorbic acid synthesis: system 
as in A but with the addition of 0.05 ml of lipid extracted from 
Fraction 90. ——, Malonaldehyde production by system B ex- 
pressed as OD at 535 my (inside of left ordinate). Rate A/Rate B, 
rate of inhibition of gulonolactone oxidase (right ordinate). 
Each point of this curve is calculated as the ratio of the amount 
of ascorbic acid synthesized during each time interval in curves 
A and B. 
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| phenomena are related, two possible explanations can be ap- 


plied to this observation. One possibility is that the prepara- 
tion contained other substances which neutralized the inhibitor 
produced at the early stages, so that no inhibition occurred 
until this material was saturated. The other possibility is that 
malonaldehyde and the inhibiting factor were formed inde- 
pendently from a common precursor but not at the same rate 
or by the same type of reaction. 


DISCUSSION 


Metal catalysis and a factor obtained by enzymic action on 
t-gulono- or D-glucuronolactone are able to activate the forma- 
tion of malonaldehyde from the fatty acids present in the micro- 
somes of vitamin E-deficient rats and to inhibit the synthesis of 
ascorbic acid. Since the substrates and catalysts of these sys- 
tems have been isolated and the systems then reconstituted, it 
has been possible to support the hypothesis that during the 
process of malonaldehyde formation, an inhibitor of ascorbic 
acid synthesis is formed. The metal catalysis and enzymic 
mechanisms are both present in the original preparations (1) 
which produced ascorbic acid from glucuronic acid, but only the 
enzymic mechanism is present when the synthesis is carried out 
with gulonolactone in the presence of washed microsomes or 
solubilized gulonolactone oxidase. This enzymic mechanism, 
which may indeed be that of gulonolactone oxidase itself, is 
assumed to be the factor responsible for the inhibition of ascor- 
bic acid synthesis long before any other indication of vitamin 
E deficiency is apparent. The succession of events in the in- 
hibition of ascorbic acid and the formation of malonaldehyde 
can be provisionally stated as follows: 


heat labile 
factor 


Gulonolactone > intermediate(s) (1) 
Intermediate(s) + lipid --> inhibitor --> malonaldehyde (2) 
2 or 
inhibitor 
Intermediate(s) + lipid ‘ (2a) 
malonaldehyde 


- These reactions account for all of the required factors and 
show that the inhibitor is not malonaldehyde. Reactions 1 
plus 2 apparently do not offer means to account for the different 
courses of gulonolactone oxidase inactivation and malonalde- 
hyde formation as seen in Fig. 2. However, since the prepara- 
tions used were not sufficiently purified, the evidence was not 
considered adequate to eliminate Reaction 2. The possibility 
that the lipid acts as a cofactor in some unidentified reaction in 
which gulonolactone is converted into an inhibitor was con- 
sidered, but the evidence at this time favors the scheme pre- 
sented above. 

The site of action of tocopherol and the other agents which 
reinstate the synthesis of ascorbic acid should in either sequence 
be before the production of the inhibitor because in no case was 
there an inhibition without production of malonaldehyde and 
vice versa. It is possible that the inhibitor in Reactions 2 and 
2a is a free radical which initiates a chain reaction. If this is 
confirmed, the situation would be very similar to the mechanism 
which has been postulated for peroxidation of lipids catalyzed 
by metals (19), or hematin compounds (20). That the enzyme 
which catalyzes the formation of the intermediate is gulonolac- 
tone oxidase itself would not be unexpected, since it is known 
that free radicals are originated (21, 22) during the action of 
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oxidases. Ascorbic acid is one of the factors which contributes 
to the formation of malonaldehyde in the presence of lipid and 
it is assumed to inhibit its own synthesis, as it does when exog- 
enous ascorbic acid is added (Table IV). 


SUMMARY 


Liver preparations from vitamin E-deficient rats, consisting 
of microsomes and supernatant solution, synthesize a thio- 
barbituric acid-reacting material by the interaction of the su- 
pernatant solution and the microsomal lipids. The thiobar- 
bituric acid-reacting material was identified as malonaldehyde. 
The supernatant solution can be substituted by salts of Fe**, 
Cut, Fe+*+, and Cut+. This endogenous production of malon- 
aldehyde is nonenzymic. Malonaldehyde can also be formed 
when microsomes from vitamin E-deficient rats are incubated 
with gulono- or glucuronolactones, or ascorbic acid. Except 
for the effect of ascorbic acid, this production of malonaldehyde 
is enzymic. Mnt+, and Co** salts, ethylenediaminetetraace- 
tate, and tocopherol inhibit the formation of malonaldehyde 
when it arises from the interaction between metals and micro- 
somes, and also between glucurono- or gulonolactones, or as- 
corbic acid with the microsomes. The fraction of solubilized 
microsomes that contains most of the gulonolactone oxidase 
activity and which does not form malonaldehyde has an in- 
hibited ascorbic acid synthesis and produces malonaldehyde 
when incubated with lipid. The addition of Mn++ or Cot++ 
salts, ethylenediaminetetraacetate, or tocopherol reactivates the 
oxidase and stops the production of malonaldehyde. Gulono- 
lactone oxidase, either in the intact microsome or after solubili- 
zation, is inhibited by some factor related to the process of 
formation of malonaldehyde, but not by malonaldehyde itself. 
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Coupling of Oxidation of Substrates to 
Reductive Biosyntheses 


VI. STUDIES WITH GLYCEROL-2-D* 


Henry D. HoBERMAN AND AMEDEO D’ADAMO, JR. 


From the Department of Biochemistry, Albert Einstein College of Medicine, 
Yeshiva University, New York 61, New York 


(Received for publication, December 30, 1959) 


Earlier studies in this laboratory have shown that the glu- 
cosyl residues of liver glycogen are labeled with deuterium in 
positions 4 and 6 after the administration of lactate-2-D (1) or 
fumarate-2 ,2’-D (2) to fasting rats. These results are believed 
to furnish evidence of coupling in the intact liver of the lactic 
dehydrogenase and glyceraldehyde 3-phosphate dehydrogenase 
systems, and the lactic dehydrogenase and malic enzyme sys- 
tems (1-3). | 

The purpose of the experiments described in the present 
communication was to attempt to demonstrate coupling be- 
tween a-glycerol-P dehydrogenase and glyceraldehyde-3-P de- 
hydrogenase and to compare the results with those obtained 
from previous studies employing lactate or fumarate. It is 
known that both a-glycerol-P dehydrogenase and glyceralde- 
hyde-3-P dehydrogenase are present in the soluble portion of 
the cytoplasm of rat liver cells (4, 5) thus making possible trans- 
fer of hydrogen from reduced diphosphopyridine nucleotide, 
formed by the oxidation of a-glycerol-P directly to glycerate-P. 
The interaction of these enzyme systems has long been believed 
to function as an alternate way of reoxidizing reduced diphos- 
phopyridine nucleotide formed by oxidation of glyceralde- 
hyde-3-P. 

To carry out the present studies, glycerol-2-D was synthe- 
sized and administered with pt-lactate-1-C' (to serve as an 
exogenous, labeled source of glycerate-P) to fasting rats. A 
second group of animals received glycerol-1 ,3-C™ together with 
normal lactate, and a third group was given Dt-lactate-1-C" 
without glycerol. 

The liver glycogen of animals receiving the mixture of glyc- 
erol-2-D and lactate-1-C' was found to contain deuterium in a 
yield more than 4 times that observed in experiments with 
L-lactate-2-D. Degradative studies disclosed that the glucose 
obtained by hydrolysis of the liver glycogen was labeled with 
deuterium primarily in positions 4 and 6. 

Liver glycogen was isolated from each of the two other groups 
of animals and hydrolyzed to glucose for counting. It was of 
interest to find that the yield of radioactivity in the glycogen 
was twice as great when glycerol-2-D and lactate-1-C'™ were 
given together than when radioactive lactate alone was given. 


EXPERIMENTAL 


Synthesis of Glycerol-2-D—Acetoxydiethylmalonate (6), 51.2 
g, was shaken for 1.5 hours at room temperature with 20 ml of 


* Aided by grants from the United States Public Health Serv- 


99.8% D.O containing 4.2 g of NasCQOs. 


The two layers were 
separated and the aqueous phase extracted three times with 


50-ml portions of ether. The ethereal extracts were combined, 
distilled under reduced pressure, and the residual oil combined 
with the organic layer which had separated initially. The 
deuterium exchange was repeated once more. The oil, which 
now weighed 52.1 g, was dissolved in 250 ml of anhydrous ether 
and the solution dried with anhydrous MgSO,. A volume of 
the anhydrous solution equivalent to 0.25 mole (50.5 g) of the 
deuteroacetoxydiethylmalonate was treated with 0.625 mole 
(24.4 g) of LiAlH, suspended in 450 ml of anhydrous ether. 
From the products of this reaction glycerol-2-D was isolated, 
following the directions of Gidez and Karnovsky (7). The final 
distillation of the glycerol was carried out at 142 to 143° at 1.5 
mm. The product weighed 9.6 g (42% yield). For deuterium 
analysis glycerol-2-D-tribenzoate was prepared (8). From the 
D concentration of this derivative, the D concentration in posi- 
tion 2 of the glycerol was calculated to be 94.5 atom%. To 
ascertain whether all the deuterium in the molecule was present 
in position 2, a portion of the deuteroglycerol was oxidized with 
periodate to formaldehyde (positions 1 and 3) and formate 
(position 2) (9). The formaldehyde, isolated as the dimedone 
derivative contained no detectable excess of deuterium over nor- 
mal. Since suitable control studies had established the fact that 
the procedure used does not lead to exchange of carbon-bound 
deuterium with hydrogen atoms of the medium, it was con-— 
cluded that all of the deuterium in the glycerol was present in 
position 2. 

Animal Experiments—Fasting male rats of the Sprague- 
Dawley strain (average weight, 240 g) were used. Each of 
three animals received a mixture of 4.5 mmoles of glycerol-2-D 
and 4.5 mmoles of pL-lactate-1-C"™ (specific activity, 630 d.p.m. 
per umole); two were given a mixture of 4.5 mmoles of glycerol- 
1,3-C" (specific activity, 54 d.p.m. per umole) and 4.5 mmoles 
of normal pt-lactate; and three others were each given 5.0 
mmoles of pL-lactate-1-C™ (specific activity, 1000 d.p.m. per 
umole). The substances were administered in neutral aqueous 
solution (3 to 5 ml) by stomach tube. 

After 3 hours the animals were anesthetized with Nembutal, 
the livers removed, and the glycogen isolated and purified by 


ice, National Institutes of Health (# RG-5905) and the National 
Science Foundation (# G-5909). 

1 Radioactive compounds were the products of the Volk Radio- 
chemical Company. 
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TABLE I 


Isotope concentrations and isotopic yields in liver glycogen or glucose formed from administered glycerol-2-D + pt-lactate-1-C', 
glycerol-1,3-C!4 + px-lactate, and 


Glycerol-2-D + pt-lactate-1-cu | Glycerol-1,3-Clt + normal pi-Lactate-1-C™ 
Amount of liver glycogen as glucose.................... 4.17 X 10? umoles 2.59 X 10% uwmoles 1.19 X 10? uwmoles 
D concentration of liver glycogen...................... 1.42 atom % 
Specific activity of glucose obtained from glycogen. ....| 93 d.p.m./umole 25 d.p.m./umole 302 d.p.m./umole 
teat 8.5 X 10° d.p.m. 0.48 10° d.p.m. 15 X 10° d.p.m. 
Amount of D incorporated............................. 0.59 X 103 watoms 
Amount of C'* incorporated.........................4:. 0.39 X 10° d.p.m. 0.07 X 10° d.p.m. 0.36 X 10° d.p.m. 
Fraction of administered D incorporated............... 4.61% 
Fraction of administered C'* incorporated.............. 4.59% 14.6% 2.48% 


the method of Stetten and Boxer (10). Fatty acids and choles- 
terol were isolated as described previously (11). 

Degradative Procedures—The details of the degradative pro- 
cedures employed have been published in earlier reports (3, 12). 
In the present studies a small aliquot of glucose (18.0 mg), 
prepared from the labeled glycogen by hydrolysis with dilute 
HCl, was first oxidized with periodate to obtain formaldehyde, 
isolated as the dimedone derivative, from position 6. To 470 
mg of the remaining glucose, 705 mg of normal glucose were 
added as carrier. From this mixture a-methylglucoside was 
prepared. This was oxidized with periodate to formate and 
p’-methoxy-p-hydroxymethyldiglycolaldehyde, and the latter 
product then reduced to the corresponding dialcohol. On hy- 
drolysis of the alcohol, glycerol (positions 4, 5, and 6) and 
glycolaldehyde (positions 1 and 2) are formed. The glycerol 
was isolated as the tribenzoate. From this derivative glycerol 
was again formed by reductive cleaving and oxidized with peri- 
odate to formaldehyde (positions 4 and 6) and formate (posi- 
tion 5). Suitable control experiments were performed to es- 
tablish the fact that the procedures employed did not lead to 
removal of carbon-bound deuterium from the desired products. 

Analyses for deuterium were carried out as in previous studies 
and measurements of radioactivity were done by liquid scintilla- 
tion spectrometry. Suitable corrections were applied to correct 
for efficiency and quenching. 


RESULTS 


In Table I are shown the data required to estimate isotopic 
yields and the results of the appropriate calculations. The 
amount of deuterium appearing in liver glycogen will be seen to 
be 4.61% of the quantity given. This is 4 times the amount of 
deuterium which appears in liver glycogen formed from ad- 
ministered L-lactate-2-D (12). 

The yield of radioactivity in liver glycogen formed from the 
mixture of glycerol-2-D and pL-lactate-1-C™ is almost twice as 
great as that found in the liver glycogen of animals which had 
received lactate-1-C™ alone. The radiochemical yield in the 
liver glycogen of animals which had been given glycerol-1 ,3-C™ 
and normal DL-lactate is seen to be 14.6%. This is similar to 
the extent of utilization of C" of t-lactate-2-C™, 7.e. 12.1% (12). 

The data obtained from degradative studies carried out on 
liver glycogen of animals which had received glycerol-2-D and 
lactate-1-C" are shown in Table II. Attention is directed first 
to the finding of virtually all of the deuterium of the a-methyl- 


TaBLeE II 


Deuterium concentrations of derivatives 
formed from labeled glycogen 


H atoms of Total No. | D concen- 
Compound original of H tration atom 
glucose atoms % excess 

a-Methylglucoside........... 1,2,3,4,5,6,6 14 0.38 
Glyceroltribenzoate......... 4,5,6 20 0.25 
Dimedone-formaldehyde 

from periodate oxidation | 

of glycerol................ 4,6 22 0.11 
Na formate from periodate 7 

oxidation of glycerol...... 5 1 0.14 


glucoside in the glyceroltribenzoate, corresponding to positions 
4, 5, and 6 of the original glucose, 7.e. (20 K 0.25) /(14 XK 0.38) = 
0.94. 

Since oxidation of glycerol with periodate forms 2 moles of 
formaldehyde per mole of glycerol, the observed deuterium con- 
centration of the formaldehyde-dimedone obtained by this pro- 
cedure is the average of the deuterium concentrations of form- 
aldehyde-dimedone derived from positions 4 and 6, 7.e. the 
observed D concentration must be multiplied by 2 in order to 
compute the D concentration of the hydrogen atoms bound to 
C-4 and C-6. When this is done it is seen that the deuterium 
in the glyceroltribenzoate is accounted for by that which is 
located in positions 4 and 6, 1.e. (2 X 0.11 X 22)/(0.25 xX 20) = 
0.97. This result is consistent with the fact that the observed 
D concentration at position 5 was only 0.14 atom % excess. 

When the D concentration for dilution by carrier is corrected, 
it is found that the D concentration of the hydrogen atom bound 
to C-5 in the original glucose was 0.35 atom % excess (0.14/ 
0.40). 

The deuterium concentration of the formaldehyde-dimedone 
obtained by periodate oxidation of the deuteroglucose before 
the addition of carrier was 0.15 atom % excess. Assuming as 
before (1, 2) that only one of the two hydrogen atoms in the 
primary carbinol group of glucose is a deuterium atom, the D 
concentration is computed to be 22 * 0.15 = 3.30 atom %. 
This accounts for (3.30 « 100)/(10 « 1.42) = 23% of the 
deuterium in the molecule. It is apparent that the remaining 
deuterium is in position 4 and that the D concentration of this 
atom is 10 X 1.42 — 3.30 = 10.9 atom %. The ratio of the D 
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concentration at C-4 to that at C-6 is thus 10.9/3.3 = 3.3. 
This is significantly higher than the ratio of 1.8 to 2.0 observed 
in experiments performed with lactate-2-D (1, 12). 

Fatty acids and cholesterol were isolated from the livers of 
rats which had received glycerol-2-D and were analyzed for 
deuterium. The deuterium concentrations of the isolated sub- 
stances were not significantly different from normal. 


DISCUSSION 


The foregoing results disclose that deuterium from adminis- 
tered glycerol-2-D appears in appreciable concentration in 
-positions 4 and 6 of the glucosy] residues of liver glycogen. 
From the B-hydrogen atom of. the administered glycerol were 
derived 11.5% ((10.9 * 100) /94.5) of the hydrogen in position 
4 and 3.5% ((3.3 X 100) /94.5) of the hydrogen at position 6. 
These results may be interpreted as evidence that glycerol-2-D 
was phosphorylated to a-glycerol-P,2-D which, in turn, was 
oxidized by a-glycerol-P dehydrogenase, yielding DPND and 
unlabeled dihydroxyacetone-P. 

Since the enzymes necessary for the utilization of p-glyceral- 
dehyde in glycogen synthesis are present in liver (13, 14), the 
deuterium concentration in position 5 would be expected to be 
high if a significant amount of glycerol-2-D had been oxidized by 
glycerol dehydrogenase (15, 16). Only 0.37% ((0.35 x 100) / 
94.5) of the hydrogen in position 5 was derived from the ad- 
ministered glycerol. It may be concluded therefore, that oxida- 
tion of glycerol to p-glyceraldehyde is not an important reac- 
tion insofar as utilization of glycerol for the synthesis of liver 
glycogen is concerned. 

As stated earlier the labeling of position 6 of glucose with 
deuterium is believed to provide evidence of a link between the 
oxidation of the administered substrate and the malic enzyme 
reaction. Since TPN is the obligatory coenzyme of the malic 
enzyme (17) the question arises as to the ways in which TPND 
might have been formed from glycerol-2-D. It is improbable 
that TPN was utilized as coenzyme by a-glycerol-P dehydro- 
genase, for in contrast with lactic dehydrogenase, for which the 
activity ratio (rate with TPNH to rate with DPNH) is 1:220 
(17), the ratio for a-glycerol-P dehydrogenase is 1:2300.2_ It 
is also unlikely that TPND used in the malic enzyme reaction 
was formed by transhydrogenation from DPND, since the trans- 
hydrogenase system of rat liver is located in the mitochondria 
(18, 19) while a-glycerol-P dehydrogenase (4) and the malic en- 
zyme (20) are extramitochondrial enzymes. Moreover, previous 
work (11) has shown that DPND formed by the oxidation of 
B-hydroxybutyrate-2 ,3-D, a reaction which takes place exclu- 
sively in mitochondria, is not utilized in the reductive reactions 
of hexose-P synthesis in liver. This suggests that in the present 
case, even were DPND to have been formed intramitochon- 
drially, its utilization to form extramitochondrial TPND would 
be contrary to established facts. It seems most likely that in 
the present case TPND was formed indirectly, t.e. by coupling 
of the oxidation of a-glycerol-P ,2-D to the reduction of pyruvate. 
Studies by Teng et al., (21) show that twice as much lactate 
accumulates in rat liver slices supplied with both pyruvate and 
glycerol as in slices supplied only with pyruvate. Evidence 
dealing with the utilization of TPN as coenzyme by LDH has 
been discussed in an earlier report (1). 

The presence of deuterium in position 4 is evidence of transfer 
of deuterium from DPND to glycerate-P to form glyceraldehyde- 


? Dr. E. Racker, personal communication. 


H. D. Hoberman and A. D’ Adamo, Jr. 1601 


3-P,1-D (1). From the amount of deuterium in the liver gly- 
cogen, four times as much deuterium must have been incorpo- 
rated in glyceraldehyde-3-P when the oxidation of a-glycerol-P 
was coupled to reduction of glycerate-P than when L-lactate-2-D 
served as hydrogen donor for the reaction. The difference be- 
tween the two substrates is not accounted for in terms of total 
activities of the respective dehydrogenases, for Delbriick, et al. 
(4) have reported that the total activity of lactic dehydrogenase 
in rat liver is almost 4 times that of a-glycerol-P dehydrogenase 
in that organ. Bloom (22) observed that liver glycogen formed 
in liver slices supplied with glycerol-2-T was more highly enriched 
with tritium than when DL-lactate-2-T was the substrate. These 
results and the present findings indicate that a-glycerol-P is 
more efficiently used as a hydrogen donor for the reduction of 
glycerate-P than lactate. This suggests that a larger proportion 
of glyceraldehyde-3-P dehydrogenase is coupled to a-glycerol-P 
dehydrogenase than to lactic dehydrogenase implying the exist- 
ence in the soluble portion of the cytoplasm of molecular aggre- 
gates formed by interaction of pairs of dehydrogenases. Al- 
though this idea is similar to the thoughts of others (23, 24) who 
have expressed the view that more structural integrity should 
be attributed to the soluble components of the cytoplasm, it does 
not conform to the hypothesis of facilitation of this type of inter- 
action by pairing of dehydrogenases with opposite steric specifici- 
ties for DPN (24), for in the case of a-glycerol-P dehydrogenase 
(24) and glyceraldehyde-3-P dehydrogenase (25) the steric speci- 
ficity is of the 8 type. But regardless of the steric specificity of 
the hydrogen-donating system, the reduction of oxidized DPN 
bound to glyceraldehyde-3-P dehydrogenase does not appear to 
be possible (26). In order therefore to accomplish the reduction 
of glycerate-P, oxidized DPN must dissociate from glyceralde- 
hyde-3-P dehydrogenase so that reduction of the coenzyme by 
the hydrogen-donating system can take place. It is interesting 
that for the reductive formation of triosephosphate this must 
occur whether the steric configuration for DPN of the hydrogen 
donating system is a or £. 

It will be noted from the data in Table I that when glycerol- 
2-D was administered with pL-lactate-1-C™, the radiochemical 
yield in the liver glycogen was almost twice that observed when 
only pL-lactate-1-C' was given. In recent studies comparing 
isotopic yields in liver glycogen formed from glycerol-2-D, L- 
lactate-2-T, or an equimolar mixture of glycerol-2-D and L-lac- 
tate-2-T, it was observed that the yield of tritium in the liver | 
glycogen was 1.67% when the glycerol and lactate were given 
together, compared with 0.99% when the lactate was given 
alone.* In reference to Table I and with the above data the 
ratio of the yield of C™ to tritium in the absence of glycerol is 
2.48/0.99 = 2.5, whereas in the presence of glycerol it is 4.59/ 
1.67 = 2.7. These results indicate that glycerol increased the 
yields of C™ and tritium in about the same relative proportion. 
The enhancement of lactate utilization in glycogen synthesis in- 
duced by glycerol may be due to a high concentration of dihy- 
droxyacetone-P, formed by oxidation of a-glycerol-P, on the rate 
of formation of hexose diphosphate. 


SUMMARY 


Glycerol-2-D and glycerol-1 ,3-C' and normal 
DL-lactate; and pL-lactate-1-C™ alone were administered to each 
of three groups of fasting rats. The liver glycogen of the animals 


3H. D. Hoberman, and A. D’Adamo, Jr., unpublished observa- 
tions. 
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receiving glycerol-2-D plus radioactive lactate was found to be 
enriched with deuterium. Degradation of the glucose obtained 
by hydrolysis of the deuteroglycogen disclosed that virtually all 
of the deuterium was present in positions 4 and 6. It was also 
observed that the deuterium yield from glycerol-2-D was 4 times 
as great as had been observed in previous experiments employing 
t-lactate-2-D. Glycerol was found also to have increased the 
radiochemical yield from pL-lactate-1-C™. 
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A study of the physical and chemical factors involved in the 
conversion of proplastids to mature chloroplasts in higher plants 
led to the investigation of biosynthesis of chlorophyll a in de- 
tached, etiolated leaves. It was found that when dark-grown 
leaves, which contain no chlorophyll but a low concentration of 
protochlorophyllide, were exposed to red or blue light, the proto- 
chlorophyllide was rapidly hydrogenated to chlorophyllide a. 
This step was followed by esterification with phytol in a chloro- 
phyllase-mediated dark reaction to form chlorophyll a (1): 


dark hy 
——— protochlorophyllide ——— 
+phytol 


chlorophyllide a chlorophyll a 


When excised leaves were irradiated continuously with red or 
blue light, they accumulated chlorophyll slowly during the first 
hour, after which the rate of greening increased. However, after 
several hours of irradiation, chlorophyll formation ceased in ex- 
cised leaves since the endogenous metabolites had been ex- 
hausted, and the photosynthetic apparatus was not yet function- 
ing (2, 3). 

The object of the present.study was to identify the metabolites 
which enable immature leaves to form chlorophyll continuously 
when irradiated. Glucose, sucrose, and maltose were found to 
be equally effective in restoring to excised leaves the substrates 
essential for pigment synthesis which had been largely lost during 
a starvation pretreatment. In order to determine which sugar 
was most closely associated with pigment synthesis, rates of 
oxygen consumption were measured in (a) leaves pretreated with 
sugars and assayed in water, or (b) leaves pretreated with water 
and assayed with addition of sugars. The results indicated that 
during or after exposure to red light, glucose was oxidized more 
rapidly than sucrose. It is concluded that, while glucose is more 
rapidly utilized by light-exposed leaves, the rate-limiting step in 
chlorophyll formation lies farther along the biosynthetic path, 
so that the disaccharides appear to be as effective as glucose for 
pigment synthesis. 


EXPERIMENTAL PROCEDURE 


The technics used in growing seedlings of Phaseolus vulgaris, 
var. Great Northern, and preparing the leaves for experiment 


* Published with the approval of the Secretary of the Smith- 
sonian Institution. 

t This work was carried out with the support of the U.S. Atomic 
Energy Commission under Contract AT (30-1) -1133. 
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National Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health, Bethesda, Maryland. 
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have been previously described (1). Pigment content in leaf 
samples was determined spectrophotometrically on the filtrate 
of an 80% aqueous acetone extract. 

In early experiments, the rate of chlorophyll synthesis during 
continuous irradiation was measured. Since chlorophyllide a 
arises from protochlorophyllide, the latter must be continuously 
resynthesized during the greening process, but it cannot be meas- 
ured in the presence of appreciable quantities of chlorophyll. 
In later experiments, therefore, it was preferable to follow directly 
the regeneration of protochlorophyllide in the dark after a brief 
exposure to red light. 

For the analysis of carbohydrate content of leaves, samples 
were dried to constant weight at 80° in circulating air. An ali- 
quot of finely ground leaf powder was thoroughly extracted with 
boiling 80% aqueous ethanol. From the residue, starch was ex- 
tracted and hydrolyzed (4), then assayed by the arsenomolyb- 
date method (5). The same assay method was used for deter- 
mining reducing sugars in the ethanol extract before and after 
hydrolysis in 0.7 N HCl at 100° for 2.5 hours, the difference be- 
tween the two values indicating sucrose content. 

Manometry—For the manometric experiments, midribs were 
removed from treated leaves and 0.25 to 0.33 g of this material 
was spread out evenly over the base of a rectangular Warburg 
flask. The main compartment contained water, one side arm 
contained carbohydrate solution, and the second side arm held 
KOH solution and filter paper to absorb liberated CO. All 
manipulations of leaf samples were performed in a dark room 
over a green safelight. Manometer flasks were equilibrated at 
30° for 10 minutes, then oxygen consumption was measured at © 
5- to 10-minute intervals for a period of 20 to 30 minutes every 
hour. During some manometric assays, flasks were shaken 
above two 15-watt red fluorescent lamps located in the water 
bath. The incident energy at the level of the flasks was approxi- 
mately 135 microwatts cm~?. 


RESULTS 


Effect of Starvation on Rate of Chlorophyll Synthesis—Excised 
leaves on filter paper moistened with distilled water were prein- 
cubated in dark cabinets at 25° for 18 hours. They were then 
irradiated with a saturating intensity of red light and the content 
of chlorophyll a was determined periodically. For comparison, 
the rate of chlorophyll synthesis in freshly excised leaves was 
measured. As will be seen in Fig. 1, freshly excised leaves started 
rapid synthesis after a short induction period. By contrast, the 
chlorophyll content of excised starved leaves (18 hours’ dark 
preincubation) even decreased slightly from the initial level for 
3 hours of irradiation, probably owing to some bleaching of the 
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Fic. 1. Chlorophyll formation in freshly excised bean leaves 
and in leaves preincubated in the dark at 25° for 18 hours. 
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Fic. 2. Leaf chlorophyll formation in freshly excised leaves, 
leaves with one cotyledon attached, and whole seedlings (one 
cotyledon removed to expose leaves to light). 
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Fic. 3. Stimulation of leaf chlorophyll formation by dark pre- 
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pigment, whereas after this period, the rate of chlorophyll syn- 
thesis gradually increased. 

Comparison of the rate of greening of freshly excised leaves 
with that of leaves remaining attached to the seedling is pro- 
vided in Fig. 2. The results indicate a gradual loss of ability 
to form chlorophyll in the excised leaf compared with a leaf 
attached to the whole seedling. Further tests showed the differ- 
ence between the two conditions to be largely owing to the pres- 
ence or absence of cotyledons, since in leaves to which only one 
of the two cotyledons remained attached, greening occurred more 
rapidly than in leaves on whole seedlings. This stimulatory 
effect of the cotyledon reached a maximum at about 4 hours of 
dark preincubation, when the ability to form pigment in 1 hour’s 
assay irradiation was 17% higher than at the beginning of the 
preincubation (Fig. 3). At this time the chlorophyll-forming 
capacity of excised leaves similarly preincubated in the dark had 
dropped 24% below their initial capacity. After the leaf- 
cotyledon preparation had reached its peak of pigment-forming 
ability, the latter gradually diminished parallel to the continuous 
decline seen in excised leaves. The stimulatory effect due to the 
presence of a cotyledon was abolished by incubation in nitrogen 
instead of air, or by lowering the temperature of preincubation 
to 15°; the optimal temperature was about 30°. 

Nature of the Cotyledonary Factor—Progressive loss of pigment- 
forming ability of excised leaves during preincubation in the dark 
is illustrated in Fig. 4. The chlorophyll-synthesizing ability of 
the leaves decreased rapidly in the dark for 7 hours, then leveled 
off at 50% of the initial value. Many compounds were tested 
for the ability to preserve the pigment-forming system during 
the dark starvation period at the level of freshly excised leaves. 
Growth regulators (kinetin 10-4, 10-3 m; indoleacetic acid, 10-8 
to 10-4 m; 2,3,5-triiodobenzoic acid, 10-5, 10-4 m), heavy metals 
(Co!l!, Mn!!, 10-3 m), KNO; (10-7 m), amino acids (arginine, 
10-? m; glycine or tryptophan, 10-? to 2.5 & 10-' m), or carboxylic 
acids (acetate, pyruvate, citrate, succinate, 2.56 « 107! m) had 
no effect. Glycine and succinate have been demonstrated to 
give rise to porphyrins in diverse tissues (6-15). Only carbo- 
hydrates were active, and of those, sucrose was slightly superior 
to glucose. Although fructose also gave some stimulation, an 
equimolar mixture of glucose and fructose was no better than 
glucose alone. Inorganic orthophosphate (10-! m, pH 6.7) was 
slightly inhibitory by itself, and reduced the stimulation due to 
0.2 m sucrose by over 90%. The optimal sucrose concentration 
was found to be 0.20 to 0.25 m. As seen in Fig. 4, sucrose at this 
concentration maintained the pigment-forming system of excised 
leaves at its initial level throughout the 24-hour test period. 
However, sucrose had no stimulatory effect when the cotyledon 
was left attached to the leaf, indicating that the endogenous 
carbohydrate level was saturating. 

The results of an examination of the carbohydrate levels in 
the leaves after various pretreatments are shown in Table I. 
Leaves starved by incubation on water lost one-third of their 
reducing sugar. An attached cotyledon caused the concentra- 
tions of sucrose and starch to increase in the leaf, while the pres- 
ence of 0.2 m sucrose raised only the starch level of excised leaves 
but not the internal sucrose concentration. 

Specificity of Sugars—Many sugars were tested for their ability 
to stimulate protochlorophyllide synthesis in starved excised 
leaves during a 3-hour dark assay. Control and test samples 
were irradiated with red light (615 to 700 my) from a bank of 
red fluorescent lamps for 4 minutes (incident energy = 10 milli- 


Ju 


1604 
| 
L | 
3 iS hr DARK | | 
| 
off 
| | 
/ jou 
| to 
ext 
we 
per 
inc 
dar 
kep 
to 
per 
are 
Gl 
equ 
pro 
po 
fro 
fur 
syn 
var 
| In 1 
of 
| ind 
ete 
| dari 
| inte 
hou 
late 
suc 


June 1960 J. B. Wolff and L. Price 

z 
= SUCROSE @& @ @& 
a 
« 
=> — 
3 
@ 
vn 
zs: 

o 
20 
> 
re) 10 
rs) 

0 2 4 6 8 10 12 14 16 18 20 22 24 


DARK INCUBATION TIME (hr) 
Fic. 4. Effect of sucrose during dark pretreatment of excised bean leaves on subsequent ability to form chlorophyll 


joules cm-?) to give maximal conversion of protochlorophyllide 
to chlorophyllide a (1). Residual protochlorophyllide was then 
extracted from the control samples, while test samples of leaves 
were kept in the dark for 3 hours on filter paper wetted with dis- 
tilled water or test solution. At the end of this dark incubation 


_ period, the pigments were extracted. Newly synthesized proto- 


chlorophyllide was calculated as the pigment present after dark 
incubation minus that found in the controls extracted before 
dark incubation. Although the pigment synthesis in controls 
kept on water during the assay was small and therefore subject 
to large variation (0.80 + 0.40 ug per g fresh weight), the 3-hour 
period resulted in the greatest percentage increase with active 
compounds. The results, for three concentrations (Table II), 
are shown as percentage increase (or decrease) over the control. 
Glucose was found to be as effective as sucrose, and maltose was 
equally effective at 0.2 Mm, suggesting that the disaccharides were 
probably giving rise to glucose as the immediate active com- 
pound. Cellobiose was much less active, although it differs 
from. sucrose only in having a #-linkage replacing the a-linkage. 

Effect of Sugars on Oxygen Consumption of Leaves—To gain 
further insight into the role of sugars in stimulating pigment 
synthesis in excised leaves, the rate of oxygen consumption after 
various pretreatments was measured under several conditions. 
In the first of these experiments, excised leaves in the presence 
of test sugars were preincubated in the dark for 18 hours, washed 
in distilled water, blotted, weighed, and finally placed in manom- 
eter vessels in the dark. The rate of oxygen consumption in the 
dark in the absence of added substrate was determined at hourly 
intervals; the results are shown in Fig. 5. Starved leaves (water) 
maintained a fairly constant rate which declined slowly after 3 
hours. Addition of 0.25 m glycerol during pretreatment stimu- 
lated oxidation by about 15%. After preincubation on 0.25 m 
sucrose or glucose, the initial rate of oxygen consumption was 
38% above the starved control; the rate then declined and at the 


TABLE I[ 
Carbohydrate content of bean leaves after dark incubation 


Leaf 3 Incubation Reducin 
preparation Fi medium sugar . sugar after Starch 
hydrolysis* 
hrs mg glucose/g dry wt. mg/g dry wt. 
Freshly 
excised..| 0 13.1 + 0.9f t 13.5 + 0.95 
Cotyle- 
don at- 
tached..|; 16 | Water 9.1 31.3 32.2 
Excised...| 16 | Water (8.65 + 0.81/5.31 + 1.08/14.6 + 1.85 
Excised...| 16 | 0.2msu- (31.8 + 2.4 6.7 + 0.8 (34.1 + 3.5 
crose 


* Hydrolysis in 0.7 n HCl for 2.5 hours at 100°, indicating su- 
crose content. 

t Standard deviation. 

Not determined. 


fifth hour it was only 15 to 20% above the control. Evidently, 
endogenous reserve materials formed during pretreatment on 
glucose or sucrose are quite rapidly depleted during incubation 
in the absence of external oxidizable substrate. 

The effect of red light was tested because of its demonstrated 
ability to induce developmental changes in tissues of higher 
plants (16-19). By comparing the position of each curve of Fig. 


6 with the corresponding one of Fig. 5, one can see the effect of 
red light during the manometric assay without added substrate 
on leaves pretreated in the dark with various carbohydrates. 
Red light increased the initial rate of oxygen consumption of 
starved leaves about 15% above that of starved leaves assayed 
in the dark, but the stimulation due to red light gradually dimin- 
ished until the fifth hour, when the rate was the same as that in 
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TABLE II 
Comparison of carbohydrates in stimulation of protochlorophyllide 
synthesis in starved excised leaves 
Numbers shown in table are means of replicate experiments. 
Negative numbers signify inhibition. 


Increase in protochlorophyllide formed in 3 hours 
over water control 
Carbohydrate 
0.10 u 0.20 u 0.25 u 
% % % 
Glycerol........ 7 42 55 
Glucose......... 245 390 410 
Fructose........ 82 90 170 
Galactose....... 71 94 —22 
Mannose........ 63 24 — 36 
Sucrose......... 270 358 390 
Maltose......... 243 363 92 
Cellobiose....... 95 88 57 
Melibiose....... 40 15 —47 
Lactose......... 22 —3 
Melezitose...... 35 78 —6 
Raffinose........ 32 48 30 
BY, 200 T T 
= 
= 180% 
° GLUCOSE 


RATE OF OXYGEN CONSUMPTION 


1 2 3 4 5 
DARK INCUBATION TIME (hr) 


Fig. 5. Endogenous rates of oxygen consumption in the dark of 
excised leaves pretreated 18 hours in the dark on substrates indi- 
cated (concentration, 0.25 mM). Temperature, 30°; gas phase, air. 


leaves tested in the dark. Glycerol-pretreated leaves were stim- 
ulated by red light to about the same extent as starved leaves. 
Leaves preincubated on glucose showed an even greater stimula- 
tion (25% initially) by the red light. However, it is most signifi- 
cant that leaves preincubated on sucrose were completely un- 
affected by the red light during the manometric assay. Further 
experiments were conducted to determine the cause of this ob- 
served difference in susceptibility to red light stimulation by 
leaves preincubated on glucose from those which had been kept 
on sucrose. 

Leaves were starved on water, then tested for oxidation of 


Sugars and Chlorophyll Biosynthesis 


Vol. 235, No. 6 


added glucose or sucrose (final concentration, 0.25 mM). From 
the observed rates, the rate of oxygen consumption by a contro] 
without added carbohydrate was subtracted, and the increments 
over the control are presented in Fig. 7. Leaves kept in the dark 
during both pretreatment and manometric assay showed little 
difference between the rate of oxidation of glucose or of sucrose 
(Curves 1 and 2). Leaves that had been exposed to low irradiance 
of red energy (0.4 microwatts cm~?, 620 to 700 mu) during the 
18-hour pretreatment, then assayed in the dark, showed a marked 
difference in their ability to oxidize glucose or sucrose. During 
the first hour of contact with glucose, oxidation proceeded at an 
increasing rate (Curve 4), and thereafter the rate remained con- 
stant through the assay, at a level 15% above the corresponding 
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Fic. 6. Endogenous rates of oxygen consumption in red light of 
excised bean leaves pretreated in the dark on substrates indicated. 
(Red fluorescent lamps, 15 watt, 135 microwatts cm~?.) Tempera- 
ture, 30°; gas phase, air. 


100 i i if 


* 


@ 


j 

¢ 

E 


INCREASE OVER ENDOGENOUS OXIDATION RATE 


ASSAY INCUBATION TIME (hr) 


Fic. 7. Rates of oxidation of glucose (O) and sucrose (V) by 
excised, starved bean leaves. Concentration, 0.25 mM; tempera- 
ture, 30°; gas phase, air. 
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dark-pretreated sample. The oxidation of sucrose (Curve 3) was 
initially very slow, even below the dark-pretreated sample, but 
after the third hour, the rate began to increase until after 5 hours 
it nearly equalled the rate of glucose oxidation. When red light 
and carbohydrate were presented simultaneously to leaves 
starved in the dark, glucose was oxidized rapidly and at a linearly 
increasing rate throughout the assay period (Curve 6), whereas 
sucrose oxidation (Curve 5) was slower during the first 2 hours 
but then increased parallel to the rate for glucose. 


DISCUSSION 


The results of the present study indicate that certain carbo- 
hydrates, principally glucose and sucrose, can stimulate the bio- 
synthesis of chlorophyll in excised, starved leaves exposed to red 
light. The experiments on oxygen consumption of leaves pre- 
treated with red light and assayed in darkness, or on leaves kept 
in the dark and then assayed in red light, suggest that the red 
light enhances the oxidation of glucose or a closely related metab- 
olite in the leaf, but that utilization of sucrose involves a lag 
phase during which a readily oxidizable metabolite is presumably 
formed. 

An effect of sugars in stimulating chlorophyll formation was 
reported by Palladin (20). He found that some etiolated leaves, 
such as those of wheat, contain adequate stores of carbohydrate 
for greening, whereas others, such as those of bean and lupine, 
require exogenous sugar. Gautheret (21) noted a stimulation 
by glucose or fructose of greening in excised barley roots, and 
assumed that the accumulated sugars were essential for the for- 
mation of the chlorophyll molecule. A stimulation by light of 
sugar consumption in disks of green, detached cotton plant leaves 
was observed by Phillis and Mason (22). When these disks were 
incubated on a medium low in sucrose (0.1%), diffuse daylight 
stimulated the uptake of sugar over that in the dark during a 
12-hour period. There was a marked increase in sucrose content 
of the disks but only a slight increment in reducing sugars. The 
presence of air during the light exposure favored the formation 
of reducing sugars without affecting the sucrose level. Our 
etiolated leaf preparations, when incubated aerobically in the 
dark on a higher sucrose concentration, showed a large increase 
in reducing sugar content. 

A linear rate of sugar uptake for over 24 hours by mature 
tobacco leaf disks incubated on C-labeled sucrose or invert 
sugar was reported by Porter and May (23). Sucrose enters the 
cell intact, since little label appeared in the moiety of sucrose 
not originally radioactive in the sucrose fed. Glucose disap- 
peared from the medium 66% faster than fructose. In most of 
our experimental conditions, glucose was respired more rapidly 
than sucrose, although the effectiveness for pigment formation 
was the same for the two sugars. Presumably the rate-limiting 
step in pigment synthesis is located at a metabolic stage much 
later than the initial uptake and conversion to respiratory sub- 
strate. Porter and May also found that the respiration rate on 
sucrose showed an initial lag, then increased continuously for 6 
hours, as our experiments with a higher sugar concentration con- 
firmed. Putman and Hassid (24) noted that green leaves in the 
dark rapidly transferred radioactive label from fed sugars to 
other compounds, especially amino and hydroxy acids, before 
equilibration with the large nonradioactive sugar pool in the cell. 

Pennell and Weatherley (25) reported that, in leaf disks of 
Atropa belladonna, the maximal sucrose uptake was observed at 
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15% (0.44 m), a concentration double that found optimal in our 
work on pigment synthesis. Fructose, glucose, and galactose were 
taken up at comparable rates, but utilization of sucrose was 
slower, and of maltose still less, whereas glycerol consumption 
was similar to that of sucrose. For pigment synthesis, however, 
we noted that glucose, sucrose, and maltose were equally effective 
at 0.20 m, whereas fructose gave only 40% of maximal stimula- 
tion, and glycerol only 14%. 

Whether metabolic products of the sugars were incorporated 
directly into the pigment molecules, or served as energy sources 
for the synthesis could not be decided. The porphyrin precur- 
sors, glycine, acetate or succinate (6-15), tested singly or in 
combination, had no effect on excised leaf preparations. 


SUMMARY 


When excised, etiolated bean leaves are starved by preincu- 
bation on water in the dark, they exhibit a lag in chlorophyll 
synthesis on exposure to red or blue light. This lag can be over- 
come by leaving a cotyledon attached to the leaves, or by adding 
glucose or sucrose during the pretreatment. The presence of 
sugar during the preincubation increases the subsequent endoge- 
nous respiration in the dark. Exposure of sugar-pretreated 
leaves to red light during manometry further stimulates oxida- 
tion of endogenous, accumulated substrates in glucose-treated 
leaves, but not in those incubated with sucrose. Starved leaves 
irradiated during the assay oxidize added glucose more rapidly 
than sucrose. 

It is concluded that, although metabolites of glucose may be 
oxidized more rapidly than those of sucrose, both sugars are 
equally effective in supporting chlorophyll synthesis, since the 
rate-limiting step in pigment formation lies farther along the 
biosynthetic pathway. 
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Although the metabolic origin of lactaldehyde is not well un- 
derstood, evidence presently available suggests that it may be 
formed from L-rhamnose (1-4), L-fucose (5), and 1,2-propane- 
diol 1-phosphate (6). Lactaldehyde is oxidized to lactic acid by 
the DPN-dependent aldehyde dehydrogenase from yeast (7) and 
it is reduced to 1,2-propanediol by the DPN-dependent alcohol 
dehydrogenase from yeast (7) and liver (8). The present paper 
is concerned with the partial purification and properties of a 
TPNH-dependent enzyme that catalyzes the following reaction: 


L-Lactaldehyde + TPNH + H+ = 1,2-propanediol + TPNt 


Since the equilibrium of the reaction strongly favors the re- 
duction of lactaldehyde and the reversibility can be shown only 
in the presence of high concentrations of propanediol, the name 
“lactaldehyde reductase” is proposed for the enzyme. The re- 
ductase, which has been purified approximately 100-fold from 
pig kidney, appears to be widely distributed in animal tissues. 


EXPERIMENTAL 


Materials 

Crystalline pL-lactaldehyde was prepared by reduction of the 
dibutyl acetal of methylglyoxal with lithium aluminum hydride 
and subsequent hydrolysis of the resulting hydroxy acetal (9). 
The L-isomer was prepared by the reaction of ninhydrin with 
pL-threonine (22). The bisulfite binding capacity (11) of lactal- 
dehyde was used to determine its concentration in solution. 
Acetol was prepared by alcoholysis of acetylmethyl acetate in 
methanol, containing 2% dry hydrogen chloride, according to 
the method of Urion (12). Methylglyoxal (Union Carbide 
Chemical Company) was redistilled from a slightly acidic aqueous 
solution, and its concentration in the distillate determined colori- 
metrically (13) by conversion to the 2,4-dinitrophenylosazone. 
An authentic sample of the crystalline osazone was used as the 
standard. The protein concentration of solutions was deter- 
mined spectrophotometrically with a correction for nucleic acid 
content (14). 

DEAE-cellulose was either purchased from the Brown Com- 
pany or prepared from Solka-Floc BW-20 by the method of 
Peterson and Sober (15). The oxidized and reduced forms of 
DPN and TPN were purchased from the Sigma Chemical Com- 
pany. Samples of t-rhamnose, p-lyxose, D- and L-arabinose, and 
i-erythritol were generously supplied by Dr. H. G. Blumenthal; 
D-glucuronic acid, p-galacturonic acid, and L-fucose by Dr. S. 


* Supported by a grant from the National Institute of Arthritis 
and Metabolic Diseases (Grant A-3214), United States Public 
Health Service. 

t United States Public Health Service Trainee. 


Roseman; and p-xylulose and p- and L-ribulose by Dr. W. A. 
Wood. Crystalline lactic dehydrogenase and catalase were fur- 
nished by Dr. M. J. Coon. An extract of Pseudomonas fluores- 
cens was obtained from Dr. H. C. Rilling, and cells of Tetrahy- 
mena pyriformis from Dr. J. F. Hogg. 


Methods 


Enzyme Assay—Lactaldehyde reductase was assayed at 25° 
by spectrophotometric determination of the rate of TPNH oxi- 
dation at 340 mu. The standard assay system contained 50 
umoles of potassium phosphate buffer, pH 7.4, 0.3 umole of 
TPNH, the enzyme preparation to be tested, and 100 umoles of 
pL-lactaldehyde in a final volume of 3.0 ml. The course of the 
reaction is zero order for several minutes and, as shown in Fig. 1, 
linear over a 5-fold range of enzyme concentration. One unit of 
reductase is defined as the amount of enzyme catalyzing the 
transformation of 1 umole of substrate per minute under the 
conditions specified. Specific activity is expressed as units per 
mg of protein. 


Preparation of Enzyme 


The purification procedure for the reductase is summarized in 
Table I. All operations were carried out at 0 to 4° unless other- 
wise stated. This procedure has been repeated seven times 
with similar results. 

Step 1. Extraction—Frozen pig kidney (200 g) was minced 
and homogenized with 200 ml of 0.5 m potassium chloride in a 
Waring Blendor for 5 minutes. The homogenate was diluted 
with 200 ml of 0.5 mM potassium chloride and 10 ml of 1 m potas- 
sium phosphate buffer, pH 7.4, and stirred mechanically for 30 
minutes. The preparation was chilled in a bath at —5°, and 
400 ml of alcohol solution (prepared by mixing equal volumes of 
absolute ethanol and 0.5 m potassium chloride), previously chilled 
to —20°, were added slowly with stirring. After the resulting 
mixture had been stirred for 30 minutes, it was centrifuged at 
23,000 x g for 30 minutes, and the supernatant solution was 
dialyzed for 20 hours against 8 liters of 0.01 m phosphate buffer, 
pH 7.4. 

Step 2. Ammonium Sulfate Fractionation—Solid ammonium 
sulfate was added slowly to the dialyzed alcohol extract to give a 
final salt concentration of 0.21 g per ml (0.40 saturation). The 
mixture was stirred for 30 minutes and the precipitate obtained 
after centrifugation at 23,000 x g was discarded. The super- 
natant solution was brought to a salt concentration of 0.32 g per 
ml (0.60 saturation), and the mixture was stirred for 30 minutes 
and centrifuged. The resulting precipitate was dissolved in a 
small volume of 0.01 m phosphate buffer and dialyzed overnight 
against 4 liters of 0.001 m phosphate buffer, pH 7.4. 
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Fig. 1. TPNH oxidation as a function of lactaldehyde reductase 
concentration. The amount of reductase (specific activity, 1.7) 
used in the standard assay system was varied. 


ABSORBANCY PER MIN. (A #340 my) 


TABLE 


Procedure for partial purification of lactaldehyde 
reductase from pig kidney 


specific 
Preparation Volume | Protein | Units |activity; Yield 
x 102 
units / 
ml mg mg % 
protein 
Extract 1000 12,300 | 240 2.0) 100 
(NH,)2S0, ppt. (0.4-0.6 sat- | 100 | 4,550 | 202 4.3) 84 
uration) 
DEAE-cellulose column elu- | 98 1,078 | 184 16.7 77 
ate 
(NH,)2SO, ppt. (0-0.8 satu- | 13.2 332 | 111 33.6, 46 
ration) of alumina gel C, 
supernatant fraction 
DEAE-cellulose column elu- 5.0 23.5; 51.4) 218 21° 
ate | 


* An additional yield of 18% can be obtained by combining the 
next two 5-ml fractions from the column, but this enzyme prepara- 
tion has a slightly lower specific activity. 


Step 3. First Purification on DEAE-cellulose'-—A sample 
(20 g) of DEAE-cellulose (capacity, 1.02 meq per g) was washed 
with 0.1 m phosphate buffer, pH 7.4, until the supernatant liquid 
resulting upon centrifugation was at pH 7.4. The cellulose was 
resuspended in 1 liter of 0.01 m phosphate buffer, pH 7.4, and 
packed into a column, 2.5 X 23cm. The dialyzed ammonium 
sulfate fraction (protein concentration 45 to 60 mg per ml) was 
passed through the column, which was then eluted with 0.01 m 
phosphate buffer, pH 7.4. The flow rate was maintained at 0.5 
ml per minute by gravity or slight pressure, and 5-ml portions 
of eluate were collected. Protein elution was followed spectro- 
photometrically by determining the absorption at 280 mu. Re- 
ductase activity was present in approximately 20 fractions col- 
lected immediately after the initial appearance of protein in the 
eluate. The fractions of highest specific activity were pooled. 
The enzyme solution at this stage of purification was usually 
light pink in color, although cloudy solutions of lower specific 
activity were obtained with preparations of DEAE-cellulose 
having a capacity less than 1.02 meq per ml. 


1 The abbreviations used are: DEAE-cellulose, diethylamino- 
ethyl cellulose; EDTA, ethylenediaminetetraacetic acid. 


Lactaldehyde Reductase 


Step 4. Treatment with Alumina Gel C, and Concentration with 
Ammonium Sulfate—A sample (40 ml) of alumina gel C, (16) 
(10.5 mg per ml) was centrifuged lightly, and the supernatant 
fluid discarded. The enzyme solution from the above step wag 
added to the packed gel, and the mixture was stirred mechani- 
cally for 30 minutes and centrifuged. The gel was discarded and 
the supernatant solution brought to an ammonium sulfate con- 
centration of 0.42 g per ml (0.80 saturation) by the slow addition 
of the solid salt. The mixture was stirred for 30 minutes and 
centrifuged at 15,000 X g for 20 minutes, and the supernatant 
fluid discarded. The precipitate was dissolved in a small quan- 
tity of 0.005 m Tris buffer, pH 7.4, and dialyzed overnight against 
4 liters of the same buffer. 

Step 5. Second Purification on DEAE-cellulose—Approxi- 
mately 1 g of DEAE-cellulose was washed as in Step 2, suspended 
in 50 ml of 0.005 m Tris buffer, pH 7.4, and packed into a column, 
1.0 X 15cm. The dialyzed enzyme solution from the previous 
step was passed through the column at the rate of 0.5 ml per 
minute. After the column had been washed with approximately 
30 ml of 0.005 m Tris buffer, pH 7.4, the enzyme was eluted with 
0.015 m Tris buffer, pH 7.4, and 5-ml fractions collected. The 
reductase was present in the third or fourth tube after elution 
was started. A high percentage of the enzyme applied to the 
column was recovered in three fractions, but the fraction with 
the highest specific activity was used routinely in the experi- 
ments. 

When stored in the frozen state, preparations of the purified 
enzyme undergo 10 to 15% loss in activity overnight but appear 
to retain about 60% of the activity after several weeks. At- 
tempts to increase stability by concentrating the enzyme with 
ammonium sulfate or by the addition of glutathione, EDTA, or 
egg albumin were unsuccessful. The reductase is even more 
unstable at high dilution. 


Properties of Lactaldehyde Reductase 


Distribution of Enzyme—The relative activity of the enzyme, 
as measured by the spectrophotometric assay, in extracts from 
various sources is given in Table II. Extracts of liver, rich in 


TaBLeE II 
Distribution of lactaldehyde reductase 


The animal tissues were extracted with alcohol in the presence 
of 0.5 m KCI as described in Step 1 of the enzyme purification pro- 
cedure. An acetone powder of spinach leaf and lyophilized cells 
of Tetrahymena pyriformis were extracted by stirring with 10 
volumes of 0.1 Mm phosphate buffer, pH 7.4, for 30 minutes at 0°. 
The various extracts were dialyzed overnight against 0.01 m phos- 
phate buffer, pH 7.4, and assayed by the standard spectrophoto- 
metric procedure. 


Source Relative specific activity 
Pig kidney 100 
Pig heart 23 
Pig liver 279 
Beef liver 88 
Beef brain 22 
Rat kidney 128 
Rat liver 119 
Tetrahymena pyriformis 0 
Pseudomonas fluorescens 21 
Spinach leaf 6 
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the reductase, also contain alcohol dehydrogenase which can 
effect the reduction of lactaldehyde in the presence of DPNH 
(s). Extracts from pig heart, beef brain, spinach leaf, and 
Pseudomonas fluorescens also contained the enzyme in smaller 
amount. 

Identification of Reaction Products—Lactaldehyde was identi- 
fied as the product of propanediol dehydrogenation by oxidation 
to lactic acid in the presence of hydrogen peroxide and subsequent 
observation of DPNH formation in the presence of crystalline 
lactic dehydrogenase. A reaction mixture containing 50 umoles 
of pyrophosphate buffer, pH 9.0, 3.0 umoles of TPN, 3.0 mmoles 
of propanediol, and purified reductase in a volume of 1.2 ml was 
incubated for 1 hour at 37°. After the addition of 0.2 ml of 5% 
hydrogen peroxide, the reaction mixture was heated at 70° for 
5 minutes and chilled in ice. An excess of crystalline catalase 
was then added, and the solution incubated at 37° for 15 minutes 
to destroy the peroxide. The solution was placed in a boiling 
water bath for 5 minutes, and after cooling, lactic acid was de- 
tected enzymatically. The entire reaction mixture was incu- 
bated with 3 umoles of DPN and an excess of lactic dehydrogen- 
ase in a total volume of 3 ml, and the formation of DPNH was 
determined spectrophotometrically. As expected, lactic acid 
could not be detected in controls upon omission of either TPN 
or propanediol. 7 

The product of lactaldehyde reduction was identified as pro- 
panediol by the specific color reaction of Jones and Riddick 
(17). Of a large number of glycols and aldehydes tested by these 
investigators, only propanediol and allyl alcohol reacted with 
concentrated sulfuric acid and ninhydrin to produce a purple 
color. 

Stoichiometry—F urther evidence strongly supporting the reac- 
tion as presented was provided by demonstrating that the 
amount of TPNH oxidized is equivalent to the amount of pro- 
panediol formed during the reduction of lactaldehyde in the 
presence of the purified reductase (Table III). TPNH was esti- 
mated spectrophotometrically. Propanediol was estimated col- 
orimetrically without prior deproteinization of the reaction mix- 
ture since the small amount of protein present does not interfere 
in the determination. 

Substrate Specificity—The purified reductase attacks neither 
lactaldehyde nor any of a variety of other compounds tested 
when DPNH is substituted for TPNH as hydrogen donor. In 
the presence of DPNH or TPNH, the following compounds are 
inactive: acetaldehyde, propionaldehyde, glycolaldehyde, acetol, 
glyoxylic acid, pyruvic acid, p-galactose, p-glucose, D-mannose, 
L-fucose, D-fructose, p-galacturonic acid, D-lyxose, and L- 
arabinose, L-rhamnose, D- and L-ribulose, and p-xylulose. TPN 
reduction does not take place when isocitric acid, i-erythritol, 
and glucose 6-phosphate are tested. TPNH oxidation was ob- 
served, however, when lactaldehyde reductase was incubated 
with glucuronic acid, methylglyoxal, glyceraldehyde, ribose, or 
xylose. Heat denaturation, partial inactivation at low pH, and 
the use of inhibitors failed to show that these activities are due 
to the presence of other enzymes. On the other hand, when the 
purified enzyme was incubated with crystalline chymotrypsin, 
changes in the relative activities toward these various substrates 
were observed. A final conclusion cannot yet be reached, how- 
ever, as to whether lactaldehyde reductase or other enzymes 
account for the activity with these substrates. 

The purified dehydrogenase is apparently specific for the L- 
isomer of lactaldehyde since the initial reaction rate is twice as 


TABLE IIT 
Stoichiometry of reaction 

The complete system, containing 50 umoles of potassium phos- 
phate buffer, pH 7.4, 0.6 umoles of TPNH, 10 umoles of pt-lactal- 
dehyde, and 24 ug of purified reductase in a volume of 3 ml, was 
incubated at 24° for 24 minutes. The change in TPNH concen- 
tration was measured spectrophotometrically, and propanediol 
was estimated colorimetrically (17). 


System Change in TPNH Change in propanediol 
umole umole 
Complete —0.23 0.22 
No TPNH 0 
No lactaldehyde 0 0 


0.02. 


Oo 


& ABSORBANCY PER MIN. (A*340m,z) 


7 8 9 
pH 
Fig. 2. Reductase activity as a function of pH. The assay 
described in the text was carried out with Tris buffers of varying 
PH, as indicated. 


great with the L-isomer as with an equimolar concentration of 
the pL-mixture. 

Physical Constanis—Lactaldehyde reductase is active over the 
pH range 6 to 9 with maximal activity at about pH 7.4 as can 
be seen in Fig. 2. The K,, value, determined by the method of 
Lineweaver and Burk (18), was found to be 3.8 x 10-3 m for 


‘DL-lactaldehyde (or 1.9 x 10-* for the L-isomer) with TPNH at 


10-4 m. The affinity of the enzyme for TPNH is so great that 
the K,, could not be determined by means of the optical assay. 
Data for the calculation of the equilibrium constant, 


(lactaldehyde)(TPNH)(H*) 
(propanediol)(TPN+) 


were obtained in experiments in which TPN, an excess of the 
purified reductase, and either 0.5 or 1.0 mmole of propanediol 
were incubated with Tris buffer over the pH range 8.4 to 10. 
The TPNH concentration at equilibrium was measured spectro- 
photometrically. Since a small change in hydrogen ion con- 
centration occurred when buffers at high pH were used, the final 
pH of the reaction mixture was determined with a glass electrode. 
From seven determinations, the average K., value of 2.4 « 10-* 
was obtained, indicating that the equilibrium of the reaction 
markedly favors the reduction of lactaldehyde. The reduction of 
TPN can be detected only at very high concentrations of pro- 
panediol, and in attempts to determine the amount of propane- 
diol required for saturation of the enzyme, the observation was 
made that the initial reaction rate still increases linearly with 
substrate concentration even at values greater than 0.67 M. 
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Inhibitors—The reductase is inhibited by the sulfhydry]-bind- 
ing agents, p-chloromercuribenzoate and N-ethylmaleimide. 
Whereas 3.3 < 10-4 m p-chloromercuribenzoate completely in- 
hibits enzymatic activity, 50% inhibition is obtained with N- 
ethylmaleimide at 3.3 mM. 1,2-Dimercaptopropanol, at 
low concentrations, strongly inhibits the reduction of lactalde- 
hyde, whereas thioethanol, glutathione, and cysteine are inhibi- 
tory at higher concentrations. 

Incubation of the enzyme with compounds that form chelates 
with metal ions, e.g. 1,10-phenanthroline, 8-hydroxyquinoline, 
and EDTA, does not appreciably alter the reaction rate. A 
slight stimulation was observed in the presence of a number of 
anions, iodide being the most effective. 


DISCUSSION 


The TPNH-dependent reduction of lactaldehyde established 
in the present paper has not to our knowledge been noted by 
other investigators, although the enzymatic reduction of certain 
other a-hydroxyaldehydes has been reported. Extracts of sheep 
seminal vesicles in the presence of TPNH reduce glyceraldehyde, 
glucuronolactone, aldopentoses, galactose, rhamnose, glucose, 
and fucose (19), whereas a partially purified enzyme from rat 
liver catalyzes the reduction of p-glucuronate, p-manuronate, 
and p.i-glyceraldehyde (20). Similar enzymes have been found 
in microorganisms (10). The purified pig kidney lactaldehyde 
reductase preparation, as described above, is not strictly specific 
for lactaldehyde, most likely because of the presence of other 
reductases as contaminants. 

C'*-labeled propanediol and propanediol phosphate were iso- 
lated by Rudney (21) from reaction mixtures containing minced 
rat liver tissue and C-labeled acetone. Propanediol (or its 
phosphate ester) is further metabolized to lactate, formate, and 
a 2 carbon unit (21). The pathway by which these over-all 
reactions take place has not been established experimentally. 
Propanediol phosphate is dehydrogenated to yield acetol phos- 
phate (22, 23), and Miller et al. (6) have postulated that this 
product may be isomerized to lactaldehyde 1-phosphate. Tay- 
lor and Juni (24) have proposed that lactaldehyde is an inter- 
mediate in the bacterial oxidation of propanediol. Propanediol 
is oxidized to lactaldehyde by liver alcohol dehydrogenase in the 
presence of DPN (8), but this reaction does not occur with yeast 
alcohol dehydrogenase (7, 8). 

Studies on the metabolism of L-rhamnose in microorganisms 
have shown that it is isomerized to L-rhamnulose (1, 3), which is 
then converted to L-rhamnulose 1-phosphate (2, 3). Although 
no direct evidence has been presented, the latter compound is 
probably cleaved to L-lactaldehyde and dihydroxyacetone phos- 
phate by an aldolase-type reaction. Kluyver and Schneller (25) 
postulated the formation of lactaldehyde and its subsequent 
reduction to propanediol to account for the presence of propane- 
diol as a major end product of rhamnose fermentation by Bacil- 
lus rhamnosifermentans. Evidence has been obtained by Huang 
and Miller (4) that p-rhamnulose 1-phosphate and 6-deoxy-.- 
sorbose 1-phosphate are formed from pL-lactaldehyde and either 
fructose 1 ,6-diphosphate and dihydroxyacetone phosphate in the 
presence of crystalline rabbit muscle aldolase. Attempts by 
these authors to show the isomerization of L-rhamnose in rat 
liver homogenate, however, were unsuccessful. A scheme for 


the enzymatic degradation of L-fucose by Escherichia coli has 
been postulated as follows: phosphorylation of L-fucose to yield 
L-fucose 1-phosphate, isomerization to form L-fuculose 1-phos- 


Lactaldehyde Reductase 


phate, eipimerization to 6-deoxy-L-sorbose 1-phosphate, and 
cleavage to dihydroxyacetone phosphate and L-lactaldehyde (5), 


SUMMARY 


1. Lactaldehyde reductase, which catalyzes the following reac- 
tion, has been purified over 100-fold from pig kidney extracts: 


Lactaldehyde + TPNH + H+ = 1,2-propanediol + TPN+ 


By spectrophotometric assay, the reductase has been shown to be 
present in extracts of heart, liver, brain, spinach leaf, and Psey- 
domonas fluorescens. 

2. The purified reductase is specific for the L-isomer of lact- 
aldehyde, and is apparently distinct from enzymes that catalyze 
the reduction of other a-hydroxy- and a-ketoaldehydes. Di- 
phosphopyridine nucleotide in the reduced form cannot substitute 
for reduced triphosphopyridine nucleotide (TPNH) for lactalde- 
hyde reduction. 

3. The reductase is sensitive to sulfhydryl binding agents such 
as p-chloromercuribenzoate, but is also inhibited by sulfhydryl 
compounds such as dimercaptopropanol, thioethanol, gluta- 
thione, and cysteine. 

4. The equilibrium constant is 2.4 < 107, indicating that the 
equilibrium position greatly favors the reduction of lactaldehyde. 
The optimal pH for lactaldehyde reduction is about 7.4. The 
reaction can be reversed in the presence of high concentrations of 
propanediol at high pH values. The K,, for u-lactaldehyde is 
1.9 10-* 
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Alimentary triglycerides are transported in the blood primarily 
in the form of emulsified particles called chylomicrons, which 
consist predominantly of triglycerides, but also contain a small 
proportion of cholesterol, phospholipid, and protein (1). Re- 
cently, Rodbell and Fredrickson (2) have found that one of the 
proteins associated with chylomicrons appears to be the same as 
the protein isolated from the plasma alpha or high density lipo- 
protein. This finding, plus the observation by Korn (3) that 
alpha lipoprotein “activates” or increases the rate of hydrolysis 
of triglycerides by lipoprotein lipase has enhanced the possibility 
that the metabolism of chylomicrons is mediated through the 
action of lipoprotein lipase as initially proposed by Korn (3). 

Although there has been some evidence for hydrolysis of chy- 
lomicron triglycerides intravascularly by lipoprotein lipase (4), 
the recent findings by Bragdon and Gordon (5) indicate that 
triglyceride removal from blood, at least in the rat, is independent 
of any significant hydrolysis of triglycerides during their brief 
circulating time. Accordingly, if hydrolysis of the chylomicrons 
is necessary for their removal from blood, it would appear more 
likely that the enzyme is acting in the tissues responsible for 
their removal. One very active site for triglyceride metabolism 
is adipose tissue which has been found to take up triglycerides 
selectively in vitro (7) and is very rich in lipoprotein lipase (8) 
(for a comprehensive review of chylomicron metabolism, see 
Fredrickson and Gordon (6)). 

The present investigation was undertaken to determine the 
role, if any, that chylomicron proteins and lipoprotein lipase 
play in the removal and metabolism of triglycerides by adipose 
tissue in a system in vitro. 

Evidence will be presented that triglycerides in the form of 
artificial emulsions can be removed intact and metabolized by 
adipose tissue as efficiently as chylomicrons. Lipolysis appears 
to be obligatory for the metabolism of triglycerides but not for 
their removal by adipose tissue. 


EXPERIMENTAL 


Male Sprague-Dawley rats were used throughout this investi- 
gation. Animals of the same weight (200 to 250 g) were used 
for each set of experiments and were maintained in separate 
cages on a Purina chow diet. 

Radioactive Substrates—C*-carboxyl-labeled tripalmitin, lin- 
oleic acid, palmitic acid, and uniformly labeled glucose were 
obtained from the Nuclear Instrument and Chemical Company, 
Chicago, Illinois. Cottonseed oil emulsions (Lipomul) labeled 
with C'-tripalmitin were kindly supplied by the Upjohn Com- 
pany, Kalamazoo, Michigan. 


Preparation of Triglyceride Substrates—Three types of triglyc- 
eride substrates were used in this study and are referred to as 
(a) C-chylomicrons, (b) activated C“-Lipomul, and (c) washed 
C-Lipomul. 

(a) C'-chylomicrons were obtained from chyle after feeding 
C'-palmitic or linoleic acids along with olive oil to thoracic 
duct-cannulated rats. The chylomicrons were isolated and 
washed by previously described procedures (2). 

(6) Activated C-Lipomul refers to C'-tripalmitin -labeled 
cottonseed oil emulsions (Lipomul) which were incubated with 
human plasma in the following manner. A 15% suspension of 
the labeled Lipomul, 10 ml, was added to 250 ml of human 
plasma obtained from the NIH blood bank. Only plasma sam- 
ples were used which had been obtained within 2 weeks after 
withdrawal from the subjects. The mixture was incubated with 
gentle stirring for 1 hour at room temperature. The fat emul- 
sion was reisolated and washed 3 to 5 times by the same proce- 
dures used for the rat chylomicrons. Analyses of the “acti- 
vated” triglyceride preparations were performed for total 
cholesterol (9) and phospholipid, protein and triglycerides by 
previously described methods (10). Based on the total weight 
of the samples, cholesterol values varied from 4 to 9%; phospho- 
lipid, 3 to 5%; protein, 1.5 to 2%; and triglycerides, 88 to 90%. 
No free fatty acids could be detected in any preparation. Since 
the nontriglyceride lipid fraction represented a small percentage 
of the total ester in the chylomicrons and “activated” triglyc- 
eride preparations, specific activities of the esterified fatty acids 
were calculated on the basis of their total ester content. 

(c) Washed C'-Lipomul refers to the Lipomul emulsions 
which were not exposed to plasma but were simply washed in 
the same manner as the C'-chylomicron and C"-activated 
Lipomul preparations. 

Preparation of Adipose Tissue and Incubation Procedures— 
The animals were killed by decapitation and the epididymal fat 
pads rapidly removed by the techniques described by Winegrad 
and Renold (11). Tissues of approximately equal size were im- 
mediately washed in two 25-ml volumes of Krebs-Ringer phos- 
phate buffer, pH 7.4 at room temperature and placed in 25-ml 
Erlenmeyer flasks containing Krebs-Ringer phosphate buffer, pH 
7.4 and glucose at a concentration of 0.5 g per liter (unless other- 
wise specified) and the experimental materials in a final volume 
of 2 ml. The flasks were shaken at 45 cycles per minute in a 
Dubnoff shaker at 38°. 

After the incubation period, the tissues were carefully lifted 
from the medium with forceps and drawn along the side of the 
flask in order to express as much of the adherent medium as 
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possible. They were washed twice in 100 ml volumes of Krebs- 
Ringer buffer at room temperature for about 1 minute. The 
tissues were gently blotted on adsorbent paper and weighed. 
Tissues were weighed at the end of the incubation period rather 
than before in order to avoid excessive handling. No significant 
difference was observed in the weights of the tissues before and 
after incubation. 

When more than one time period was studied, the paired fat 
pads from the same animal were cut into four equal sections and 
treated in the same fashion as described above. 

Efficacy of Tisswe Washing Procedure—The following experi- 
ment was performed in order to rule out contamination of the 
tissues by simple adsorption of the radioactive triglycerides to 
the tissue. Paired fat pads were incubated for 2 hours with 15 
pmoles of C'4-chylomicron triglycerides per ml of medium. One 
tissue was washed 3 times (2 minutes each wash) with 3 ml of 
medium containing 45 wmoles of unlabeled triglyceride per ml. 
Only the first wash contained radioactivity. The second tissue 
was washed with two 100-ml volumes of Krebs-Ringer medium. 
The tissues were reincubated for 2 hours in 3 ml of Krebs-Ringer 
solution containing no added triglyceride. No radioactivity ap- 
peared in the medium during the reincubation. The tissues 
were washed again with unlabeled triglycerides. No radioactiv- 
ity appeared in the wash media. Both tissues contained the 
same quantity of radioactivity. Therefore, the results subse- 
quently described represent the quantity of C'-triglycerides and 
fatty acids which were neither exchangeable with unlabeled 
triglycerides in the medium nor removed by the washing proce- 
dure. 

The term “uptake or removal of radioactivity” refers to the 
total radioactivity found in the tissues plus the radioactive fatty 
acids found in the medium and is expressed as microequivalents 
per gram of tissue. Since most of the experiments were per- 
formed in the absence of albumin in the medium, usually less 
than 1% of the radioactivity taken up could be detected as 
free fatty acids in the medium (12). 

Procedures for Extraction and Counting Triglycerides and Fatty 
Acids from the Tissues and Media—The tissues were homogenized 
at room temperature in a Teflon Potter-Elvehjem type homog- 
enizer containing 7 ml of Dole’s extraction mixture (13). The 
homogenate was decanted and the homogenizing vessel was 
washed with 3 ml of Dole’s mixture and finally with 5 ml of nor- 
mal heptane (Eastman). The extracts were combined in a 
separatory funnel and 3 ml of water were added to break the 


TABLE I 


Isolation and recovery of C'4-tripalmitin and other saturated 
triglycerides from adipose tissue 
C'4-Lipomul triglycerides, 2.3 wmoles, containing 5254 c.p.m. 
were added to 353 wmoles of triglycerides isolated from adipose 
tissue. The triglycerides were separated into an insoluble frac- 
tion (saturated triglycerides) and a soluble fraction (mixed tri- 
glycerides) by the procedures described in ‘‘Experimental.’’ 


Specific Total Cc ‘ 
c.p.m./pmole| pmoles % 

Original triglycerides............. 14.80 355 100 
Soluble fraction.................. 0.74 340 4.8 
Insoluble fraction................ 411 11.6 95.2 
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phases. The upper heptane phase was found to contain all the 
radioactivity of the original tissue homogenate. After deter. 
mining the volume of the heptane phase, an aliquot was taken 
for counting and another aliquot for separation of the free fatty 
acids from esterified fatty acids by the procedure described by 
Borgstrém (14). The titrimetric procedure of Gordon and 
Cherkes (15) was used for fatty acid titration. Each fraction 
(original, free fatty acid, and esterified fatty acids) was evapora- 
ted to dryness in counting vials under a stream of air at room 
temperature and the residue dissolved in 15 ml of a 0.4% solu- 
tion of 2,5-diphenyloxazole in toluene and counted in a Packard 
Tri-Carb scintillation counter. Complete recovery and separa- 
tion of added C"*-palmitic, linoleic, and tripalmitin were obtained 
when they were added to adipose tissue and carried through the 
described procedures. 

When the lipoprotein lipase content of the tissue was also 
measured, the triglycerides and fatty acids were isolated as fol- 
lows. The fat pad was homogenized with 10 volumes of acetone 
at 5°. The homogenate was centrifuged in the cold to remove 
the insoluble residue and the acetone extract decanted. The 
residue was re-extracted with 40 ml of cold ether and the com- 
bined either and acetone extracts evaporated to dryness at 50° 
under a stream of air, the oily residue dissolved in Dole’s mixture, 
and carried through the same procedure as described above. 
Both homogenizing methods gave the same results. 

Essentially the same method as described by Dole (13) for 
extracting fatty acids from serum was used for extracting both 
the neutral fats and free fatty acids from the medium. The 
procedures described above were used for the separation of the 
labeled fatty acids. 

The ester content of the medium and tissues was determined 
by the method of Rapport and Alonzo (16) as described for 
phospholipids. This method was found to be excellent for tri- 
glyceride determination provided that the lipids were removed 
from salts by extraction into the heptane phase according to 
the previously described procedures. A molar extinction coeff- 
cient of 2970 at 530 my was obtained for tripalmitin and as little 
as 0.1 umole of triglyceride could be determined by using 3 ml 
of the ferric perchlorate reagent. 

Separation of Di- and Tri-saturated Triglycerides from Triglyc- 
erides Containing Mixed Saturated and Unsaturated Fatty Acids— 
A modification of the technique described by Reiser et al. (17) 
was used for separating saturated from unsaturated triglycerides. 
In a typical experiment, the triglyceride fraction (in heptane) 
obtained from tissues incubated with the activated C'*-Lipomul, 
was taken to dryness at 55° under nitrogen and the residue dis- 
solved in 100 ml of boiling alcohol-acetone (85:15) per mm of 
ester. After the fat was completely dissolved, the solution was 
stored overnight at 5°. The insoluble fraction was collected on 
a medium porosity sintered glass filter and washed with cold 
alcohol. The insoluble fraction was then dissolved in 2,5-di- 
phenyloxazole-toluene at room temperature and counted. The 
alcohol-acetone soluble filtrate was evaporated to dryness at 55° 
under nitrogen, the residue dissolved in 2,5-diphenyloxazole- 
toluene, and counted. 

As an example of the efficacy of the procedure for the isola- 
tion of C™-tripalmitin from adipose tissue, a typical experiment 
is described in Table I. The C'*-Lipomul was added to the 
lipids extracted from a section of adipose tissue used as a zero 
time control. The separation of the saturated triglycerides from 
the mixture of saturated and unsaturated triglycerides was car- 
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Fic. 1. Uptake of C*-chylomicrons versus tissue weight. 
Paired fat pads were sectioned into four pieces and incubated in 
separate flasks for 3 hours at 38° in 2.0 ml of the Krebs-Ringer- 
glucose medium containing 22 wymoles of C'-chylomicron triglyc- 
erides per ml. 


TABLE II 
Metabolism of C'4-chylomicrons, activated C'4-Lipomul, 
and washed C'4-Lipomul 

C'4-chylomicrons (23 wmoles per ml), activated and washed 
C'4-Lipomul (24 wmoles per ml) were incubated for 3 hours at 38° 
in 2.0 ml of Krebs-Ringer glucose medium as described in ‘‘Ex- 
perimental.”’ 


(1) (6) 
(2) |) _Specific activi- 
appear- tole | Genes acid in | acid in 
ing from| UP tissue | tissue 
imedium Initial | Final 
weg/g tissue c.p.m./pmole 
Rat chylomi- | 14.0 | 11.4 | 10.3 | 1.14 | 8.1 |18,361/18,026 
crons 16.5 | 12.4 11.8 0.58 | 4.4 |18,361/17,959 
17.9 | 11.9 |} 11.3 | 0.65 | 4.9 |18,361)18,451 
Activated Lipo- | 16.0 | 11.1 9.7 1.36; 9.6] 1,900) 1,920 
mul 15.5 | 10.0; 9.5); 0.55 | 4.3 | 1,900; 1,910 
22.0 | 10.5; 9.7 0.76 | 5.9 | 1,900) 1,895 
Washed Lipomul | 21.0 | 10.4 | 8.5; 1.90 | 10.0 | 3,400) 3,250 
17.0; 9.7); 8.8 .86 | 5.8 | 3,400 3,450 
15.0 | 11.5 | 11.0 .55 | 4.9 | 3,400) 3,100 
TABLE III 


Comparison of specific activities of tissue C'4-fatty acids and esters 
‘derived from chylomicrons* 
C'4-chylomicron triglycerides, 5.8 wmoles, were incubated in 
2.0 ml of Krebs-Ringer-glucose medium for 3 hours at 38°. 
cific activity of chylomicrons, 98,224 c.p.m. per umole. 


Spe- 


Tissue fatty acids 


Tissue esters 


C402 
Total —_|Specific activity) Total 

ueq/g tissue c.p.m./peq weq/g tissue c.p.m./peq c.p.m./g tissue 
4.8 2437 2100 9 300 
4.9 2430 2300 11 257 


* Values obtained from the paired fat pads from the same ani- 
mal. 
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ried out as described above. It can be seen that 95% of the 
radioactivity could be recovered as tripalmitin in the insoluble 
fraction. It should be noticed that approximately 3% of the 
triglycerides were precipitated under the conditions described 
above. The percentage of insoluble triglycerides varied between 
2 and 5% of the total triglycerides isolated from the adipose 
tissue of the animals used in this study. 

The insoluble triglycerides are referred to as C'-tripalmitin, 
although the precipitate probably contains mixtures of di- and 
trisaturated fatty acids. The alcohol-acetone soluble triglyc- 
erides are referred to as “soluble” triglycerides. In the experi- 
ments to be described, the C'%-Lipomul substrate was added to a 
portion of the adipose tissue at zero time and immediately carried 
through the processes described above. This represented the 
zero time distribution of the C'-tripalmitin in the insoluble and 
soluble fractions. The amount of soluble radioactivity noted at 
zero time was subtracted from the amount found in the soluble 
fractions after the incubation of the tissues. 

Lipoprotein Lipase Activity—Lipoprotein lipase activities of 
the residues obtained from the acetone-ether extracted tissues 
were determined by the method described by Korn (18) except 
that “activated” cottonseed oil emulsions rather than coconut 
oil emulsions were used as substrate. Activities are expressed 
as microequivalents of fatty acids produced per hour per milli- 
gram of protein. Protein was determined by the method of 
Lowry et al. (19). CO. was determined by counting the center 
well KOH solutions directly in the scintillation counter according 
to the anthracene method described by Steinberg (20). 


RESULTS 


The uptake of isotopically labeled triglycerides was found to 
be proportional to the wet weight of the adipose tissues (Fig. 1). 

Substrate Specificity and Metabolism of Triglycerides—In Table 
II are shown some representative results obtained from experi- 
ments comparing the ability of adipose tissue to metabolize 
equal concentrations of rat chylomicrons, activated C'*-Lipomul, 
and washed C"*-Lipomul. It can be seen that the total lipid 
radioactivity in the tissues was essentially the same for the three 
substrates (Table II, Column 2). The quantity of labeled tri- 
glycerides disappearing from the medium did not correspond to 
the total radioactivity recovered in the tissues (Table II, Col- 
umn 1). It was also observed that values for diasppearance 
were quite variable in contrast to the values for the tissue radio- 
activity. These discrepancies were probably due to the sampling 
errors introduced by the variable breakdown of the emulsions to 
large oil droplets. 

The specific activities of the substrates in the medium did not 
change during the incubation period (Column 6), indicating that 
no significant quantities of unlabeled endogenous triglycerides 
were entering the medium from the tissues. Furthermore, since 
the specific activities of the triglycerides in the medium did not 
rise, it appeared that the adipose tissue can metabolize tripalmi- 
tin as well as the other triglycerides present in the emulsion. 

It should be noted that there is a correspondence between the 
increase in the quantity of labeled free fatty acids and the total 
fatty acids in the tissue (Columns 4 and 5). This might indicate 
that the fatty acids produced by the hydrolysis of the exogenous 
triglycerides entered a common pool of fatty acids formed from 
the endogenous sources of fatty acids. Alternatively, it is pos- 
sible that the labeled triglycerides were mixed with the endog- 
enous pool of triglycerides and subsequently metabolized. If 
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this were the case the resultant fatty acids should have a specific 
activity comparable to that of the total esterified fatty acids in 
the tissue. However, as shown in Table III, the specific activ- 
ity of the free fatty acids is over 200 times greater than the spe- 
cific activity of the esterified fatty acids. 

No significant hydrolysis of exogenous triglycerides was de- 
tected in the medium at any time during the incubation period. 
This was examined by removing the tissues at various time inter- 
vals, adding albumin to ensure a maximal rate of hydrolysis (18) 
and further incubating the medium for 2 hours. No increase in 
fatty acid concentration was observed. Accordingly, this would 
indicate that the hydrolysis of exogenous triglycerides occurred 
at some tissue site and not in the medium. 

Rate of Uptake and Metabolism—The free fatty acid content 
of the tissue rose rapidly for the first 60 minutes and then leveled 
off, whereas the C™ activity of the ester fraction continued to 
rise as shown in Fig. 2. Since the total amount of labled triglyc- 


5 60 T 

> 5.0 
40 
30 
20 

4 10 

60 120 240 
MINUTES 


Fic. 2. Rate of appearance of radioactivity in tissue ester and 
fatty acids derived from chylomicrons. Fat pads from the same 
animal were sectioned into four equal pieces and incubated in 
separate flasks in the Krebs-Ringer-glucose medium containing 
11 wzmoles of C'*-chylomicron triglycerides per ml. 


IS 
240 MINUTES 


90 MINUTES - 


1 
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# MOLES TRIGLYCERIDE / ML. 


Fic. 3. Relationship between triglyceride concentration in the 
medium and uptake. C!4-chylomicrons at the indicated concen- 
trations were used as substrate. Fat pads from pair-fed animals 
were sectioned into eight segments of approximately equal size. 
Four of the adipose segments were incubated for 90 minutes and 
the remaining four for 240 minutes in separate flasks at 38° in 2 
ml of the Krebs-Ringer-glucose medium; each flask containing 
the indicated concentration of chylomicron triglycerides. 
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erides increased with time, the free fatty acid concentration 
probably represents the steady state concentration resulting 
from the hydrolysis of exogenous triglycerides and the fatty 
From the previous re. 
sults (Table II) the steady state concentration of fatty acids 
derived from chylomicron triglycerides would vary according to 


acids formed from endogenous sources. 


the quantity of endogenous fatty acids. 


Influence of Medium Triglyceride Concentration on Rate of Up. 
take and Metabolism—As shown in Fig. 2, the rate of uptake of 
triglycerides from the medium was rapid during the first hour of 
incubation and then fell off after further incubation. 
tissues were incubated with increasing concentrations of triglye- 
erides for a 90-minute period (rapid phase of uptake), it was 
found that the quantity of triglyceride removed was not pro- 
portional to their concentration in the medium (Fig. 3). 
Whereas the total uptake was increased, the fractional rate of 
initial uptake fell off rapidly. Thus, an 8-fold increase in con- 


centration resulted in a 3-fold increase in uptake. 


When the 


On the other 


hand, after 4 hours incubation, the total uptake was directly 
related to concentration of up to 25 umoles of triglyceride per 


ml. 


These results could be explained if the initial uptake repre- 


sented the adsorption of triglycerides to sites of limited capacity, 
whereas the later phase of uptake represented the relatively 
higher capacity of the enzyme systems affecting the metabolism 
and deposition of the triglycerides. 

Effects of Metabolic Inhibitors on Metabolism and Removal of 
Chylomicrons—Cyanide (2 10-4 mM), dinitrophenol (5 x 10~ 
M), and epinephrine (0.5 wg per ml) did not alter the rate of 
uptake of triglycerides (Table IV). 
caused a marked increase in the quantity of fatty acids produced 
both from the chylomicrons of the medium and from endogenous 


triglycerides. 


However, their addition 


Since dinitrophenol and cyanide are inhibitors of energy 
utilization, the apparent stimulation of fatty acid production by 


per ml. 


10-4 m dinitrophenol; 2 K 10-2 m cyanide. 


TaBLeE IV 
Effects of metabolic inhibitors and epinephrine on chylomicron 
triglyceride uptake and metabolism 


Paired fat pads were incubated for 3 hours at 38° in the Krebs- 
Ringer-glucose medium containing 25 uymoles of C!4-chylomicrons 


Final concentration of epinephrine, 0.5 ug per ml; 5 X 
The paired fat pad 


from the same animal was used as the control for the tissues in- 
cubated in the presence of epinephrine, cyanide or dinitrophenol. 


Tissue 


activity 
Total cis 

weg fatty 
actds/mg 

protein/hour 
9.75 4.3 | 0.55 2.75 
10.84 14.5 | 1.84 3.00 
9.42 4.4 | 0.52 3.60 
Dinitrophenol.............. 10.35 9.1 1.85 3.55 
Epinephrine................ 10.57 5.5 | 0.67 2.45 
Control, no glucose......... 11.44 8.1 |, 1.14 2.92 
Epinephrine, no glucose..... 11.32 17.5 | 2.42 2.55 
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these compounds might be due to their inhibition of some energy- 
requiring step necessary for the esterification of fatty acids. 
This could result in an increase in fatty acid production without 
altering the rate of hydrolysis of the exogenous triglycerides by 
the tissue lipase. Indeed, it should be noted that the content of 
lipoprotein lipase in the tissues was not affected by cyanide, 
dinitrophenol, or epinephrine. It is possible, of course, that a 
localized stimulation of the tissue lipase could occur without 
altering the apparent content in the tissue. 

Several investigators (15, 21, 22) have found that epinephrine 
elicits an apparent increase in production of fatty acids from 
adipose tissue both in vivo and in vitro. It should be noted that 
epinephrine increased the production of fatty acids only in the 
absence of glucose in the medium (23), indicating that the mode 
of action of epinephrine is probably not the same as cyanide and 
dinitrophenol, since the latter caused an elevation in the quantity 
of fatty acids in the presence of glucose. 

Conversion of C'%-Tripalmitin to C'-Triglycerides Containing 
Mixtures of C'4-Palmitic and Unsaturated Fatty Acids—The re- 
sults of the previous experiments suggested that exogenous tri- 
glycerides were hydrolyzed in the cytoplasm to fatty acids which 
were subsequently re-esterified. In order to measure the extent 
of re-esterification of the exogenous triglycerides, it was necessary 
to distinguish between the quantity of triglycerides that may 
have been removed intact from the medium and those formed 
by re-esterification of fatty acids produced from the exogenous 
triglycerides. The experiments presented in Figs. 4 to 6 were 
designed to test this question. C'-tripalmitin, representing 
exogenous triglycerides, was readily separated from triglycerides 
containing mixtures of C'4-palmitic acid and unsaturated fatty 
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Fic. 4. Effect of DFP on uptake and distribution of activated 
C'\-triglycerides between ‘‘soluble’’ and saturated di- and tri- 
glycerides (C'4-tripalmitin). Fat pads from pair-fed animals 
were sectioned into eight segments of approximately equal size. 
Four of the segments were incubated separately in the Krebs- 
Ringer-glucose medium containing 10 uwmoles of activated 
Lipomul per ml and 10°‘ Mm DFP. The remaining four segments 
were incubated under the same conditions without the addition 
of DFP. C4-tripalmitin refers to the insoluble C!*-triglycerides 
precipitated with alcohol-acetone (85:15) at 5° as described in 
the text under ‘‘Experimental.’’ 
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Fic. 5. Effect of temperature on uptake and distribution of 
activated C!4-Lipomul between ‘‘soluble’’ and saturated di- and 
triglycerides (C'*-tripalmitin). Adipose tissuesfrom pair-fed rats 
were cut into eight sections of approximately equal weight and 
were incubated in separate flasks in 2.0 ml of Krebs-Ringer-glu- 
cose medium containing 10 uwmoles of activated C!*-Lipomul tri- 
glyceride per ml. Four of the flasks were incubated at 20° and 
the remaining four at 38°. The tissue triglycerides were separated 
into ‘“‘soluble”’ triglycerides and saturated triglycerides (C'*-tri- 
palmitin) by the alcohol-acetone precipitation method described 
under ‘‘Experimental.’’ 
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Fic. 6. Effect of albumin on uptake and distribution of C*- 
Lipomul between soluble and saturated di- and triglycerides. 
Adipose tissues from pair-fed rats were cut into eight sections of 
approximately equal size and incubated in 2.0 ml of the Krebs- 
Ringer-glucose medium containing 10 wmoles of activated C**- 
Lipomul triglycerides per ml. Four of the flasks contained al- 
bumin (Armour’s bovine) at a concentration of 50 mg per ml of 
medium. After removing the tissues at the indicated time 
periods, the tissue triglycerides were separated into ‘‘soluble’’ 
triglycerides and saturated triglycerides (C'*4-tripalmitin) by the 
alcohol-acetone precipitation method described under ‘‘Experi- 
mental.”’ 


6 
ion 
ing 
tty 
re- 
ids 
to 
p- 
of 
of 
he 
3), 
er 
ly 
CT 
re- 
y, 
aly 
sm 
of 
)-4 
of 
on 
US 
gy 30 
Y 
| Z 
| 
s- y 
ns 60 Yy Yj 
. 
ad | 50 
aol VF 
ol. Y; 
/F 


1618 


acids by precipitating the saturated triglycerides from an alcohol- 
acetone (85:15) solution at 5° (cf. “Experimental’’). Assuming 
that the C"-triglycerides not precipitated by alcohol-acetone 
(“soluble” triglycerides) were formed by the re-esterification of 
C'*-fatty acids produced from the labeled exogenous substrate, a 
reasonable estimate could be made of the rate of conversion of 
exogenous triglycerides to re-esterified fatty acids. The validity 
of this experiment rests on the small probability of the re-esteri- 
fication of C'4-palmitic acid to di- and trisaturated triglycerides. 
Since Lipomul (a cottonseed oil emulsion) contains unsaturated 
fatty acids primarily, it was assumed that the trace amounts of 
C'4-_palmitic acid derived from the tripalmitin would be mixed 


TABLE V 
Recovery of C'4-palmitic or saturated fatty acids from 
C'4 “‘soluble’’ triglycerides 

Tissues were incubated with washed C!4-Lipomul (3400 c.p.m./ 
umole) under conditions described in Table II. Tissue triglycer- 
ides were separated into soluble and insoluble fractions (see 
‘‘Experimental’’) and 0.454 mmole of the soluble triglycerides 
was saponified, the fatty acids extracted into heptane after acidi- 
fication, and the heptane removed by evaporation under nitrogen. 
The fatty acids (1.35 mmoles) were oxidized by the periodate- 
permanganate procedure similar to that described by Lemieux 
and von Rudloff (25). The fatty acids were stirred for 24 hours 
in 500 ml of water containing 4 mmoles of potassium carbonate, 11 
mmoles of periodic acid, 11 mmoles of sodium hydroxide, and 
0.185 mmoles of potassium permanganate. At the end of the 
reaction period, there was added an excess of sodium bisulfite 
and 12 ml of 6 N sulfuric acid. The fatty acids were extracted 
continuously with ether, the ether extract taken to dryness, and 
the fatty acids partitioned between 70% acetic acid and n-hep- 


tane. The 70% acetic acid fraction contained the oxidized prod- 
ucts of the unsaturated fatty acids. 
Total fatty 
Total C4 acids in 
fraction 
C.p.m. meg 
Original ‘‘soluble”’ triglycerides........ 10,000 1350 
Unsaturated fatty acids (70% acetic 
Saturated fatty acids (n-heptane sol- 


* This value for total fatty acid was obtained by subtracting 
the fatty acids recovered in the heptane soluble phase from the 
amount in the original “‘soluble’’ triglycerides. 


TABLE VI 
Effect of DFP on uptake and metabolism of | 
activated triglycerides 
Tissues were incubated for 4 hours at 38° in Krebs-Ringer- 
glucose medium containing 10 wmoles of ‘‘activated’’ C'4-Lipomul 
triglycerides per ml. Final concentration of DFP, 10-4 m; final 
volume, 2.0 ml. 


Tissue fatty acids 
Additions 
Total | cu 
peg/g tissue tissue 
0.90 4.50 3.15 
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with a relatively large pool of unsaturated fatty acids produced 
by the hydrolysis of the cottonseed oil triglycerides, as well as 
any unsaturated acids formed from endogenous sources. The 
premise expressed at the beginning of this paragraph was sup- 
ported by the finding that only 1 to 3% of the triglycerides in 
the adipose tissue could be isolated as triglycerides containing 
di- and trisaturated fatty acids (cf. Table I, Column 2). 

It was conceivable that the C'*-“soluble” triglycerides were 
formed by desaturation of the C-tripalmitin by fatty acids 
desaturating enzymes reported to be present in adipose tissue 
(24). Accordingly, the C'-“soluble”’ triglycerides, isolated after 
the incubation of adipose tissue with C'*-Lipomul, were saponi- 
fied and the resultant fatty acids oxidized with periodate-per- 
manganate (25). This method oxidizes unsaturated fatty acids 
to mono- and dicarboxylic acids which could be readily separated 
from saturated or nonoxidizable acids by partitioning the fatty 
acids between heptane and 70% acetic acid. As shown in Table 
V, 90% of the radioactivity was recovered in the saturated fatty 
acid fraction (heptane soluble fraction), whereas the acetic acid 
phase, representing the oxidized fatty acids, contained only 10% 
of the radioactivity. This would appear to rule out any signif- 
icant desaturation of C'*-tripalmitin or palmitic acid. 

Effect of Diisopropyl fluorophosphate on Triglyceride Uptake and 
Metabolism—DFP' has been shown to be a potent inhibitor of 
lipoprotein lipase (26). The addition of 10-4 m DFP to the 
medium did not appreciably alter the total uptake of triglycerides 
by adipose tissue, although the lipoprotein lipase activity was 
reduced to approximately one-sixth the control tissue (Table 
VI). However, the recovery of C"-fatty acids in the DFP- 
treated tissue was one-third that found in the control tissue, 
which is consistent with the observed inhibition of the lipase by 
DFP. It could not be determined, under these experimental 
conditions, whether DFP inhibited the hydrolysis of endogenous 
triglycerides. 

The rate of uptake of triglycerides in the presence of DFP 
was not substantially different from the control tissue as shown 
in Fig. 4. However, DFP inhibited the conversion of C-tri- 
palmitin to C'-“soluble” triglycerides as expected, if the conver- 
sion required the prior formation of free fatty acids (cf. Table 
III). These results demonstrate, therefore, that adipose tissue 
can remove exogenous triglycerides from the medium without 
their prior hydrolysis. 

Temperature Effects—A marked decrease in the rate of uptake 
and subsequent metabolism of exogenous triglycerides was ob- 
served at 20° as compared to 38° (Fig. 5). The recovery of 1.2 
eq of exogenous C'-ester from the tissues incubated for 30 
minutes at 38°, compared to less than 0.2 weq at 20° for the same 
time interval, indicates that the removal of exogenous triglyc- 
erides is temperature dependent. However, in contrast to the 
3.5-fold increase in the removal rate, there was a 10-fold increase 
in the rate of re-esterification of the triglycerides at 38° for a 
30-minute incubation, which suggests that the process of initial 
uptake of the triglycerides is less temperature dependent than 
their subsequent metabolism. 

Stimulation of Triglyceride Uptake by Albumin—The addition 
of albumin (50 mg per ml) caused over a 2-fold increase in the 
total uptake of ‘activated’? C'-Lipomul and some increase in 
the metabolism of the triglycerides (Fig. 6). Approximately 
70% of the exogenous triglycerides taken up by the tissue were 
converted to the “soluble” form within 30 minutes in the pres- 


1 The abbreviation used is: DFP, diisopropylfluorophosphate. 
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TABLE VII 


Effect of nutritional state of animal on metabolic patterns and uptake 
of triglycerides by adipose tissue 
Same conditions as described in Table II, 25.0 umoles of ‘‘ac- 
tivated’ C'4-Lipomul triglycerides per ml of medium. The prob- 
ability values given refer to differences between fed and fasting 
animals (24-hr fasted rats). The mean and standard error of the 
mean is given in each case. 


No. of | Total uptake C'-Fatty 
Nutritional condition cu to “soluble” 
triglycerides 
peg/g tissue % 
Fasting rats....... 6 9.23 + 2.211.38 + 0.30) 33 + 11 
6 (8.90 + 1.92:0.56 + 0.11; 72 + 15 
<0.9 <0.005 <0.005 


ence of albumin, as compared to 50% in the control. It would 
appear that the albumin increased the rate of uptake considerably 
more than the rate of re-esterification. This might be explained 
by the observation that the triglyceride emulsions were no- 
ticeably less turbid in the presence of 5% albumin, which pos- 
sibly indicates that the particles were more dispersed or 
stabilized. 

The addition of albumin elicited the appearance of 65 to 70% 
of the total free fatty acids in the medium as compared to less 
than 1% in the control flask, as has been reported by Reshef et 
al. (12). In the experiment described in Fig. 6 the C'-fatty 
acid content of the medium plus tissue at the end of 3 hours of 
incubation was essentially the same (0.53 and 0.75 yweq per g of 
tissue in the nonalbumin- and albumin-treated tissues, respec- 
tively). These results suggest that the presence of albumin had 
little effect on the hydrolysis of adipose tissue triglycerides and 
that albumin exerted its effect simply by causing a release of the 
tissue fatty acids into the medium. 

“Nutritional” State of Adipose Tissue and Metabolism of Tri- 
glycerides—An approximately 2-fold increase in fatty acids pro- 
duced from “activated”? C'4-Lipomul was observed in the tissues 
from fasting animals, as compared to tissues from rats main- 
tained on a normal chow diet (Table VII, Column 2). Whereas 
the total uptake of labeled triglyceride was approximately the 
same in the fasting and fed states (Column 1), the adipose tissues 
from the fed animals converted over twice as much of the C'*- 
Lipomul in the medium to the “soluble” form as the tissues from 
the fasting animals (Column 3). Previous results (cf. Table IIT) 
suggested that the triglycerides of the medium do not mix, during 
their metabolism, with the main pool of triglycerides in the tissue. 
This might indicate that the storage or net uptake of triglyc- 
erides in the main triglyceride pool requires prior hydrolysis and 
re-esterification of the exogenous triglycerides. Accordingly, the 
results described in Table VII indicate that the adipose tissue 
from the fed animals effected a net increase in the storage form 
of the exogenous triglycerides of 6 to 7 weq of ester per g of tissue, 
in contrast to 2.5 to 4 weq per g of tissue in the fasting state. 
The remainder of the radioactive fat in the tissue represents 
that amount of exogenous triglyceride which had not been hydro- 
lyzed but is still associated with some cellular compartment other 
than the fat globule. 


DISCUSSION 


Relationship Between Serum Lipoproteins and Tissue Lipase to 
the Removal and Metabolism of Triglycerides—It would appear 
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that exogenous triglycerides can be removed from the medium 
by adipose tissue without their prior hydrolysis, as evidenced by 
the finding that inhibition of the tissue lipase with DFP did not 
appreciably inhibit the removal of triglycerides and that intact 
exogenous triglycerides could be isolated from the tissues. Se- 
rum or chylomicron proteins are apparently not required for 
this process. This is in contrast to the observation made by 
Shapiro et al. (27) that fat uptake by mesenteric adipose tissue 
was found to be dependent upon the presence of serum in the 
medium. This disparity, however, may well be due to the par- 
ticle size and stability of the fat emulsions used in their studies. 
In this respect, albumin appeared to cause a greater dispersion 
of the fat emulsion and could account for the observed increase 
in fat uptake when albumin was added to the medium. 

Although the action of a tissue lipase is not obligatory for the 
removal of triglycerides by the adipose tissue, it is obvious that 
the metabolism of triglycerides is dependent upon their hydroly- 
sis to fatty acids by the tissue lipase. It can be inferred from 
the finding that inhibitors of energy utilization such as dinitro- 
phenol and cyanide caused an increase in free fatty acids pro- 
duced from both endogenous and exogenous -triglyceride, that 
the energy state and, perhaps, availability of glycerol precursors 
determines the extent of the metabolic distribution of the exog- 
enous and endogenous fat between triglycerides and fatty acids. 
This is also suggested by the results demonstrating that the net 
uptake of triglycerides in the tissues is increased in the adipose 
tissues obtained from fed animals as compared to the tissues 
from fasting animals. Similar results have been found for the 
uptake in vitro of labeled fatty acids by adipose tissue (28). 
Bragdon and Gordon (5) have observed that the nutritional 
state of the animal determines the tissue distribution of labeled 
fat shortly after the injection of chylomicrons labeled with C'- 
palmitic acid. Carbohydrate feeding caused a dramatic in- 
crease in the appearance of C'*-triglycerides in the adipose tissue 
compared to the fasting animals. Thus, it would appear from 
the findings in vitro and in vivo that the storage of exogenous 
fat by the adipose tissue is dependent upon its hydrolysis and 
the subsequent re-esterification of the fatty acids to triglycerides, 
as has been previously proposed by Shapiro (29). 

Mechanism of Removal of Chylomicrons by Adipose Tisswe—One 
of the most interesting aspects of chylomicron transport and 
metabolism is the manner in which the triglycerides are removed 
from the blood. It should be emphasized that the results of 
this investigation are not pertinent to the problem of fat trav- 
ersing the capillary endothelium, since this study pertains to 
the transfer of fat across the peritoneal membrane surrounding 
the fat cells. However, with this limitation, there were some 
interesting relationships to the observations made in vivo. 

The initial rate of removal is quite rapid; under conditions 
where maximal removal rates were observed (cf. Fig. 6), between 
0.5 and 1.0 umole of triglyceride per g of tissue was taken up in 
30 minutes. Extrapolating to a 200-g rat (13% fat (30)), ap- 
proximately 10 to 20 mg of triglyceride would be removed in 30 
minutes, as compared to the observations in vivo that between 
10 and 15 mg of fat disappear from the blood stream 10 minutes 
after the intravenous injection of 20 to 30 mg of chylomicron 
triglycerides (31). Since about 25% of the chylomicron triglyc- 
erides appear in adipose tissue under optimal conditions (5), the 
in vitro values are remarkably close to the findings in vivo. 

Equally important is the observation that, once removed, the 
C'4-triglycerides are neither exchangeable with unlabeled triglyc- 
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erides nor reversibly removed by washing. Furthermore, the 
rate of fat uptake appears to reach a maximum and then rapidly 
falls off in spite of the fact that metabolism of the fat continues. 
It would appear from these results that the initial uptake repre- 
sents a compartmentalization of the fat at sites which rapidly 
become saturated and thus limit further uptake. Similarly, it 
has been found in vivo that the metabolism of the chylomicron 
triglycerides takes place in a separate compartment from the 
total body pool of fat for as long as 90 minutes after their disap- 
pearance from the blood (32). 

Since there appears to be some similarity between the findings 
in vitro and in vivo, it is pertinent to point out that the removal 
of chylomicrons in vivo resembles, in some respects, the behavior 
of particles which are known to be taken up by phagocytosis. 
Chylomicrons and carbon particles, for example, are removed 
from the blood at a rate inversely proportional to their initial 
concentration (31) (cf. Fig. 3). This is said to be characteristic 
of phagocytic activity (33). In this respect, it is of great inter- 
est that pinocytosis (a cellular process which involves the plasma 
membrane and which resembles phagocytosis) has recently been 
shown by Palay and Karlin (34) to be involved in the absorption 
of fat by the intestine. In addition, there has been a recent 
report (35) that adipose tissue displays cellular processes charac- 
teristic of pinocytosis. The data presented in this paper are 
compatible with an absorption process such as pinocytosis, and 
the mechanism of fat uptake by adipose tissue, as possibly re- 
lated to this process, is presently under investigation. 


SUMMARY 


1. Rat chylomicrons and a synthetic fat emulsion were found 
to be taken up and metabolized to an equivalent extent by rat 
epididymal adipose tissue, suggesting that the chylomicron pro- 
teins are not essential for fat uptake or metabolism by this tissue. 

2. Inhibition of the tissue lipase did not substantially reduce 
the rate of uptake of triglycerides by adipose tissue, although 
there was a marked reduction in the production of fatty acids 
derived from chylomicron triglycerides or synthetic fat emulsions. 

3. Chylomicron triglycerides and synthetic triglyceride emul- 
sions were found to be taken up intact, before their metabolism, 
into a tissue compartment in which the triglycerides were no 
longer exchangeable with triglycerides of the medium and were 
inaccessible to removal by washing. It is suggested that the 
tissue compartment represents the rim of cytoplasm or cytoplas- 
mic membrane surrounding the fat globule in the adipose cell. 

4. The effects of metabolic inhibitors, such as cyanide and 
dinitrophenol, and the nutritional requirements found to be 
necessary for maximal net incorporation of exogenous triglyc- 
erides suggest that storage of chylomicron triglycerides in adipose 
tissue occurs subsequent to hydrolysis and re-esterification. 

5. The possibility that chylomicron triglycerides are taken up 
intact through a process resembling pinocytosis is discussed. 
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A noteworthy characteristic of cerebroside sulfate (2) (sulfa- 
tide A (3)) is its continual accumulation in the brain of rats (4), 
human beings (5), and mice (6). Recent experiments (7) with 
radioactive galactose and sulfate showed that cerebroside sulfate 
of rat brain, unlike other galactolipids, turns over slowly, if at 
all. 
Sulfolipids have been described in organs other than brain, 
including skeletal muscle (8), submaxillary gland (8), testis (8), 
liver (8, 9), lung (10), kidney (11), and, inferentially (12), in 
spleen, blood, and adrenal gland. The identity of the sulfolipids 
extracted from these organs as cerebroside sulfate has not been 
established. In this paper evidence is presented that cerebro- 
side sulfate is present in kidney, liver, spleen, and possibly, heart 
of the rat, and also is present in neoplastic murine mast cells. 
The turnover rate of cerebroside sulfate in these organs of the 
rat and in the mast cells was compared with that in the brain. 
The intracellular distribution of this compound in brain, kidney, 
and liver was also determined. 


EXPERIMENTAL 


Extraction and Fractionation Procedures—Rats weighing 150 g 
were injected intraperitoneally with 1 me of S**-sulfate, obtained 
from the Oak Ridge National Laboratories. At stated time 
intervals, the animals were decapitated, the blood was collected 
in 8% sodium citrate, and the organs were removed and weighed. 
For turnover studies, the organs from two rats were pooled. The 
citrated blood was centrifuged, and the cells were lysed in water. 
Brain, kidney, and liver were fractionated in 0.25 m sucrose (13). 

Mast cells were obtained from the P-815-X-1 mastocytoma 
(14) grown in (AKR X DBA/2) F, hybrid mice. For turnover 
studies, cells in the ascitic form were used. Each mouse was 
given 1 me of (0.004 ug) sodium §S**-sulfate intraperitoneally 
and, at appropriate intervals, the animals were killed by cervical 
separation. The mast cells were removed, and, after three 
washings in 0.9% NaCl, were counted and sonically fragmented. 
One million cells weighed approximately 1 mg. 

Cerebroside sulfate was extracted by the method of Lees et al. 
(3). 

Materials—y-Heparin (7.e. heparin bereft of amide-sulfate) 
was prepared by hydrolyzing commercial heparin in 0.04 Nn HC] 
(15). The sulfate esters of ethanolamine and choline were syn- 
thesized (16). 


* This study was supported by grants from the American Heart 
Association and the Life Insurance Medical Research Fund, and 
is part of a thesis submitted by J. D. R., Jr. in partial fulfillment 
of the requirements for the degree of Doctor of Medicine at Yale 
University. A preliminary report of this work has appeared (1). 

t Senior Research Fellow, United States Public Health Service. 


Analytical Methods—Radioactivity of extracts was measured 
in a liquid scintillation counter. Galactose was measured by 
the anthrone method (17). To detect galactose chromatograph- 
ically, extracts were first hydrolyzed in 6 N HCl in a sealed tube 
for 1 hour in a boiling water bath. 

To measure sulfate, the sample of cerebroside sulfate was 
placed in a sealed tube containing 1 ml of glacial acetic acid and 
1 ml of 6 N HCl and kept in a boiling water bath for 48 hours. 
Acid was carefully removed from the hydrolysate by repeated 
heating; the neutral hydrolysate was taken to dryness and the 
residue taken up in 0.5 ml of H.O. To the aqueous extract was 
added 0.5 ml of 0.1 M acetate buffer (pH 4.0), 1 ml of a mixture 
of chloroform-methanol (2:1), 10 mg of barium chloranilate (18) 
and 1 ml of ethanol. The mixture was shaken for 15 minutes, 
centrifuged and the supernatant solution read in a Beckman DU 
spectrophotometer at a wave length of 530 mu. This method 
reliably detects 40 wg of inorganic sulfate. Optical density at 
530 my is linearly related to the concentration of inorganic sul- 
fate up to at least 200 ug. 

Reversed phase paper chromatography was carried out in di- 
isobutyl ketone-acetic acid-water (40:25:5), a solvent system 
useful in the resolution of phosphatides (19); the Whatman No. 
3 paper used was impregnated with either silicic acid (19) or 
silicone (20). Ry values were the same in papers coated with 
either substance. Heparin was chromatographed in isopropyl 
alcohol-0.04 M ammonium formate (14). Other solvent systems 
for paper chromatography were n-propyl] alcohol-ethyl acetate- 
water (70:10:20) (21), butanol-acetic acid-water (2:1:1), and 
aqueous 2,4-lutidine (22); the latter was prepared by diluting 
67 ml of 2,4-lutidine to 100 ml with water and allowing the 
mixture to stand for several minutes until a single phase formed.! 
Radioactivity on the paper chromatograms was measured either 
directly with the aid of an end window Geiger-Miiller counter 
or, after elution with methanol-petroleum ether (1:1), in a liq- 
uid scintillation apparatus. Some papers were stained with 
Azure A (14), ninhydrin (21), or alkaline silver nitrate (21). 


RESULTS 


Presence of Cerebroside Sulfate in Tissues—Kidney, liver, and 
spleen of the rat and the mastocytoma from the mouse were 
extracted for cerebroside sulfate. The final extract was repre- 
cipitated three times (3). Hydrolysates of these extracts were 
chromatographed on n-propy! alcohol-ethyl acetate-water (70: 
10:20) along with authentic glucose and galactose. Papers were 
stained with alkaline silver nitrate. Only galactose was de- 


1 J. Awapara, personal communication. 
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Galactose-sulfate molar ratios of cerebroside 
sulfate extracts 


-Cerebroside Sulfate 
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Fig. 1. S*5-content of cerebroside sulfate as a function of time 
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Fia. 2. S*5-content of cerebroside sulfate as a function of time 


tected. Table I shows the molar ratios of galactose and sulfate 
obtained on these extracts to be identical within experimental 
error to that of known cerebroside sulfate isolated from brain. 
Insufficient material precluded similar experiments on rat heart. 

Reversed-phase paper chromatography of purified brain cere- 
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broside sulfate prepared from rats given S*5-sulfate showed the 
presence of a single radioactive spot at Rp 0.50. This area re- 
acted with Azure A to yield a dark blue spot. Identically pre- 
pared extracts from the kidney, liver, spleen and heart of the 
rat and from the mouse mastocytoma, chromatographed in the 
same manner, also showed a single spot with Ry 0.50, identical 
to that of brain cerebroside sulfate. No sulfatide could be ex- 
tracted from blood cells or plasma. | 

Chloroform-methanol extract—Experiments were carried out to 
determine at which step in the extraction procedure the extract 
was free of S*5-labeled compounds other than cerebroside sulfate, 
The chloroform-methanol extracts of brain, kidney, liver, spleen, 
and heart of the rat and of the mastocytoma were washed with 
water (Step 1 of the procedure for extracting cerebroside sulfate 
(3)). With all tissues, reversed phase paper chromatography of 
the organic phase showed a single radioactive spot at R»r 0.50, 
corresponding to known cerebroside sulfate. Furthermore, in 
neither the butanol nor the lutidine system was a radioactive 
spot other than cerebroside sulfate revealed. 

The aqueous phase was also radioactive and this activity was 
chromatographed in butanol-acetic acid-water, a solvent system 
in which cerebroside sulfate travels with the solvent front. A 
radioactive, ninhydrin-positive spot was detected at Rr 0.18 and 
0.32, corresponding to cysteic acid and taurine. In the aqueous 
lutidine system, both radioactivity and ninhydrin reactivity were 
found at Rr 0.39 and 0.44, corresponding to the known values 
for taurine and cysteic acid, respectively. Chromatography of 
the aqueous phase in admixture with taurine and cysteic acid 
indicated the identity of the S**-labeled compounds in the aque- 
ous phase as taurine and cysteic acid. No choline sulfate (23) 
or ethanolamine sulfate could be detected. 

Turnover of Cerebroside Sulfate—Since cerebroside sulfate was 
the only S**-labeled compound present in the washed chloroform- 
methanol extracts of tissues after the administration of S**-sul- 
fate, an aliquot of this extract was used to measure cerebroside 
sulfate turnover. The turnover of cerebroside sulfate in brain, 
kidney, liver, spleen, and heart of the rat and in the mastocytoma 
of the mouse is shown in Figs. 1 and 2. In brain, the maximal 
incorporation of the isotope occurred 2 days after injection of 
S*5-sulfate, after which time the activity remained constant 
through the 16th day, but slowly fell thereafter; thus, on the 
32nd day, the level was still 2 of that found on the 2nd day. 

In comparison, in liver, spleen, and heart the concentration 
of labeled cerebroside sulfate was highest at 12 hours, with only 
a small fraction present at 48 hours. After 4 days, the radio- 
activity had virtually disappeared. In kidney, however, incor- 
poration of S*®-sulfate was highest 24 hours after injection of 
S*5-sulfate and measurable radioactivity remained on the 32nd 
day. The mast cells showed maximal incorporation 12 hours 
after administration of S**-sulfate and the activity fell rapidly. 


TABLE II 


Intracellular distribution of cerebroside sulfate in 
brain, kidney, and liver of the rat 


Fraction Brain Kidney Liver 

% % % 

Debris and nuclei.............. 33 38 29 
Mitochondria.................. 50 13 10 
Microsomes.................... 10 38 22 
Supernatant fraction........... 7 11 39 
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Distribution of Cerebroside Sulfate—Table II shows that cere- 
broside sulfate was distributed differently in the three organs 
studied. In brain the mitochondrial fraction was richest, 
whereas in the liver it was the supernatant, particle-free fraction; 
in the kidney the microsomal fraction had the same amount as 
the nuclei and debris, whereas the content of the mitochrondria 
and microsomes was quite low. To test the possibility that the 
distribution of cerebroside sulfate within cells of different organs 
is a function of time, cerebroside sulfate was extracted from all 
three organs at intervals of 12, 24, and 48 hours, respectively, 
after the injection of S*5-sulfate. The distribution was the same 
at all three periods. Calculations of the intracellular distribu- 
tion of cerebroside sulfate, based on nitrogen content or mass of 
the various fractions (24), did not significantly alter the rela- 
tionship. 

Failure to Show Degradation of Cerebroside Sulfate—An aqueous 
suspension of cerebroside sulfate-S*> was incubated for 3 hours 
with homogenates of either 5 g of the solid mastocytoma or 2 g 
of rat brain. In neither case was there any detectable degrada- 
tion of cerebroside sulfate. The presence of cerebroside sulfate 
in mast cells, which are rich in heparin (14), suggested that these 
cells might have the capacity to transfer S**-sulfate from cere- 
broside sulfate to y-heparin, but incubation of homogenates of 
the mast cell tumor with labeled cerebroside sulfate and y- 
heparin resulted in no labeling of the heparin. 


DISCUSSION 


The preparations of cerebroside sulfate from the various or- 
gans, like brain cerebroside sulfate, yielded galactose on hydroly- 
sis, had the same galactose-sulfate ratios as brain cerebroside 
sulfate, and had Ry values on paper chromatography identical 
to brain cerebroside sulfate. These observations strongly imply 
that the compound in the various organs is cerebroside sulfate. 
Turnover studies revealed several salient differences between 
brain and other organs. Brain required 48 hours for maximal 
deposition of S*5-sulfate into cerebroside sulfate, whereas kidney 
required 24 hours, and the other organs and the mast cells only 
12 hours. An analogous difference between brain and other 
organs in the incorporation of radioactive phosphate into phos- 
pholipids (25) is partly attributable to slow passage of the isotope 
into brain (26-28), but primarily due to a slow rate of incorpora- 
tion of the isotope into the lipid (28). Similarly, the relatively 
slow incorporation of sulfate into the cerebroside by brain may 
be, in part, a reflection of the slow penetration of sulfate into 
brain (29). 

A more remarkable difference between brain and the other 
organs was the exceedingly slow turnover rate found in brain. 
In this organ, as has been shown by others (7), cerebroside sul- 
fate does not turn over for at least 16 days. However, at 24 
days there was a measurable loss of radioactivity and this was 
more marked at 32 days. By contrast, cerebroside sulfate in 
other organs and in the mast cells had a half-life of 10 to 96 hours. 
The exceedingly slow turnover of cerebroside sulfate in brain is 
not a characteristic of other galactolipids (7). However, the 
brain phospholipid fraction resembles brain cerebroside sulfate 
in that it turns over very slowly in both adult (25, 28) and young 
brain (25, 28, 30), as contrasted with a relatively rapid turnover 
in other organs (25, 28, 31). 

An interesting finding was the distribution of the major por- 
tion of cerebroside sulfate in different cellular fractions of the 
three organs examined: in brain, it sediments with mitochondria; 
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in kidney, with microsomes; and in liver it remained in the 
supernatant fraction. These observations are consonant with 
the observation (9) that in brain it is the particulate fraction 
that incorporates S**-sulfate into a sulfolipid, whereas in liver it 
is the supernatant fraction. 

The finding of S**-labeled taurine and cysteic acid after the 
administration of S**-sulfate warrants comment. The reaction 
has been noted before (32, 33) and attributed to the bacterial 
flora (32), but it appeared possible that in mammalian tissue a 
pathway may exist for forming S**-cysteic acid from S*5-sulfate 
by sulfonation and subsequent amination of pyruvate. How- 
ever, homogenates of either brain or mast cells in a fortified sys- 
tem were unable to convert either S**-sulfate or pyruvate-2-C™ 
to cysteic acid or taurine; moreover, taurine and cysteic acid 
extracted from mast cells grown in culture with S**-sulfate in 
the medium were not labeled.? 


SUMMARY 


The turnover of cerebroside sulfate (sulfatide A) in brain, 
kidney, liver, spleen and heart of the rat and in a mast cell tumor 
of the mouse has been measured. The compound turned over 
rapidly in the mast cells and in all organs of the rat except the 
brain. Fractionation of brain, kidney, and liver demonstrated 
that the distribution of cerebroside sulfate differs in these organs: 
in brain, the substance sedimented with mitochondria; in kidney, 
with microsomes; whereas in liver it remained in the soluble 
fraction. No cerebroside sulfate could be detected in rat blood 
cells or plasma. 
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It has been shown in previous studies (1, 2) that the corticoid 
production by rat adrenal tissue, in vitro, in the presence of tri- 
phosphopyridine nucleotide and glucose 6-phosphate is stimu- 
lated by freezing, by Ca*+, and by ficin. Various properties of 
the stimulation resulting from these conditions have been de- 
scribed and it has been suggested that a common locus was in- 
volved (2). The experiments reported in this paper were de- 
signed to localize the stimulated system. It has been found that 
the system stimulated is present in the large particles of the rat 
adrenal cell and that, in the sequence of reactions leading to the 
synthesis of corticosteroids from endogenous precursor, the stim- 
ulated step(s) appears to be concerned with the transformation 
of cholesterol to pregnenolone. 


EXPERIMENTAL 


The materials and most of the methods used have been de- 
scribed elsewhere (2). After the usual preincubation the adrenal 
tissue was homogenized in 0.154 Mm KC] at a concentration of 65 
to 75 mg wet weight of tissue per ml when whole homogenates 
were used and 110 to 120 mg wet weight of tissue per ml when 
the homogenate was to be fractionated. In all cases the corticoid 
values are those obtained with the blue tetrazolium reagent (2) 
and are reported as micrograms of cortisol per beaker. 

Cholesterol was determined according to the method of Sperry 
and Webb (3) with the following modification. The entire con- 
tents of the incubation mixture was transferred to a small tube, 
lyophilized, and the dry residue extracted with the ethanol-ace- 
tone mixture. Before removing aliquots for the determination 
of free and total cholesterol the extract was centrifuged in stop- 
pered tubes in the cold at 4500 r.p.m. for 10 minutes. 

Fractionation of Homogenate—The homogenate was centri- 
fuged in a Spinco Ultracentrifuge, model L, at 264 x g for 5 
minutes. The sediment (Pellet 1) was washed twice by sus- 
pending it in 0.154 m KCl and recentrifuging at 264 xX g. The 
supernatant from the Pellet 1 fraction was centrifuged at 
14,800 X g for 15 minutes. The sediment from this centrifuga- 
tion is Pellet 2. Pellet 2 was also washed twice with 0.154 m 
KCl. Before use, Pellet 1 and Pellet 2 were resuspended in 


* This work was supported in part by a research grant from the 
National Science Foundation No. G5025, The Massachusetts 
Division of the American Cancer Society, and the United States 
Atomic Energy Commission, Contract No. AT (30-1)-918. 


0.154 m KCl to a final volume equal to the volume of the original 
homogenate. The supernatant from the preparation of Pellet 2 
is the supernatant fraction used in most of the experiments. 
This supernatant contains a lipid layer on its surface and these 
lipids are not ordinarily removed. However, in experiments in- 
volving cholesterol determinations, it was essential to reduce the 
endogenous cholesterol levels so that relatively small changes in 
the cholesterol content of combined Pellet 2 plus supernatant 
could be detected. In these cases the supernatant was collected 
carefully with a fine pipette so that the lipid layer was excluded. 
Supernatant so obtained is called ‘clear’? supernatant in this 


paper. 


RESULTS 


It may be seen from Table I that the three adrenal centrifugal 
fractions are inactive by themselves (Columns 2, 3, and 4). The 
combinations of Pellet 1 plus Pellet 2 and Pellet 1 plus super- 
natant are also inactive (Columns 5 and 6). The presence of 
both Pellet 2 and the supernatant is required for the synthesis of 
corticoids from endogenous precursors (Column 7). Similar re- 
sults have been obtained with homogenates prepared with 0.25 
Msucrose. Heating either Pellet 2 or the supernatant in a boiling 
water bath for 10 minutes destroys their activity. 

The generation of the TPNH, required for corticoid synthesis, 
from the added TPN and glucose-6-P is dependent on the endog- 
enous glucose-6-P dehydrogenase of the adrenal. In the adrenal 
this enzyme is soluble (4) and we have, indeed, found it to be 
located exclusively in the supernatant fraction. This enzyme 
cannot replace either the supernatant or Pellet 2 for corticoid 
synthesis, nor can it replace the heat sensitive factors of the 
supernatant or of Pellet 2. 

It may also be seen from Table I that the stimulation of cor- 
ticoid output by the freezing of adrenal tissue reported previously 
(1, 2) is due to events occurring in Pellet 2. Freezing Pellet 2 
stimulates the corticoid output but freezing the supernatant does 
not (Columns 10 and 11). Freezing both Pellet 2 and the super- 
natant has no effect greater than that obtained by freezing Pellet 
2 alone (Column 12). 

It is to be noted that the activity of the homogenate reconsti- 
tuted from the fractions is not equal to that of the unfractionated 
homogenate. Among other possibilities, this may be due to the 
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TABLE I 
Corticoid synthesis in rat adrenal fractions and location of system activated by freezing 
Each beaker contained 40 uzmoles of NaHCOs, 2.1 mg of Na glucose-6-P, 1.6 mg of Na TPN, 0.4 ml of each of one or more of the 
homogenate fractions as indicated and 0.154 m KCI to a final volume of 2.0 ml. Cat+, where indicated, was present at 16.5 X 107? 4 
final concentration. The incubation was for 1.0 hour at 38° under 95% O2-5% COs. 


1 2 3 4 5 6 7 8 9 10 11 12 
Corticoid output........... 34.5 0.49 3.83 1.73 6.51 3.02 19.0 21.8 7.57 8.30 23.8 22.4 

Taswe II partial elimination of some essential factors during the washing 


Effect of varying concentration of Pellet 2 and supernatant 
on corticoid output 

Each beaker contained 40 wmoles of NaHCOs;, 2.1 mg of Na 
glucose-6-P, 1.6 mg of Na TPN, 33.0 uwmoles of Ca**, and 0.154 m 
KCI and the indicated additions to a final volume of 2.0 ml. The 
Pellet 2 suspension contained 4.08 mg of protein per ml and the 
supernatant preparation 2.50 mg of protein per ml. The incuba- 
tion was for 1.0 hour at 38° under 95% O2-5% COs. 


Pellet 2 Supernatant Corticoid output 
ml ml 

0.40 0.10 18.2 
0.40 0.20 24.4 
0.40 0.40 27.8 
0.40 0.80 35.1 
0.40 1.00 40.4 
0.10 0.40 7.56 
0.20 0.40 12.6 
0.40 0.40 27.1 
0.80 0.40 61.7 
1.00 0.40 70.2 


of Pellet 2. In this respect, it is of interest that the corticoid 
output of Pellet 2 plus supernatant is increased by the addition 
of boiled Pellet 2. Boiled supernatant has no effect. The factor 
or factors in Pellet 2 responsible for this stimulation are not 
known. Similarly, increasing the concentration of Pellet 2 (su- 
pernatant concentration kept constant) results in an almost 
linear increase in corticoid output, whereas increasing the con- 
centration of the supernatant (Pellet 2 concentration kept con- 
stant) has little effect (Table II). It appears that of the two 
fractions needed for corticoid production, Pellet 2 is the rate- 
limiting one. 

The corticoid output of non-stimulated and stimulated rat 
adrenal homogenates is detected by the blue tetrazolium reaction, 
characteristic of the a-ketol-reducing side chain of steroids (5). 
In rat adrenal homogenates, under the conditions used, the blue 
tetrazolium-reacting material has been found to be mainly corti- 
costerone (2). Thus, the location of the stimulation by Ca++ or 
freezing must be at some point before the formation of deoxy- 
corticosterone. To find the point of stimulation the experiments 
summarized in Tables III and IV were run. It may be seen 


TaBLeE III 
Corticoid production by normal and frozen adrenal homogenates in presence of various steroids 
Each beaker contained 40 ymoles of NaHCOs,, 2.1 mg of Na glucose-6-P, 1.6 mg of Na TPN, 0.4 ml of homogenate, and 0.154 m KCl 


and the indicated additions to a final volume of 2.0 ml. 
was added to the control incubation. 


The steroids were added in 0.02 ml of ethanol. 
The incubation was for 1.0 hour at 38° under 95% O02-5% COs. 


The same volume of ethanol 


Corticoid output 
Progesterone addition Pregnenolone addition Cholesterol addition 
Normal Frozen Normal Frozen Normal Frozen 
Net Net Net Net Net Net 
13.0 11.5 29.1 5.48 16.6 
5 16.1 3.1 34.8 3.5 - 14.9 3.4 32.3 3.2 5.61 0 17.1 0.5 
10 20.8 7.8 39.3 8.0 18.6 7.1 34.7 5.6 5.37 0 17.5 0.9 
20 26.7 13.7 44.1 12.8 25.9 14.4 42.0 12.9 5.08 0 17.6 1.0 
30 32.0 19.0 51.6 20.3 31.6 20.1 46.4 17.3 5.60 0 18.4 1.8 
60 54.8 41.8 69.8 38.5 50.0 38.5 63.7 34.6 5.85 0 17.0 0.4 
120 102 89.0 99.8 68.5 107 96 75.0 45.9 5.65 0 15.8 0 
240 194 181 173 142 138 27 50.6 21.5 
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fom Table III that in homogenates stimulated by freezing, 
progesterone, or pregnenolone do not increase the net corticoid 
production at a greater rate than in normal (unstimulated) 
homogenates. At the higher concentrations of pregnenolone 
there is a decrease in the rate of corticoid production. This is 
especially notable with the frozen homogenate. Exogenous cho- 
lesterol does not augment the corticoid output in either normal 
or frozen homogenates. The action of cholesterol acetate is 
identical with that of cholesterol. Results similar to those above 
were obtained with adrenal homogenates stimulated by Catt 
(Table IV). In no case is there an increased transformation of 
pregnenolone or progesterone to blue tetrazolium-reacting ma- 
terials by adrenal homogenates stimulated by Ca++ or by 
freezing. 

Thus, it would appear that the transformation of cholesterol to 
pregnenolone may be the locus of the stimulation. Since exog- 
enous cholesterol was without effect on corticoid output, the 


TABLE IV 


Corticoid production by normal adrenal homogenates, with and 
without Catt, in presence of various steroids 


Corticoid Output 
a Additi 
Net Net 
ug 
4.54 19.5 
Progesterone......... 20 19.5 15.0 32.3 12.8 
Progesterone......... 60 51.3 46.8 53.0 33.5 
Pregnenolone........ 20 20.6 16.1 33.8 14.3 
Pregnenolone........ 60 47.2 42.7 52.5 33.0 
Cholesterol. ......... 20 22.3 2.8 
Cholesterol. ......... 60. 22.3 2.8 
Cholesterol acetate...| 20 20.9 1.4 
Cholesterol acetate...| 60 20.8 1.3 


Incubation conditions were the same as those for Table II. 
Ca++, where indicated, was present at 16.5 X 107? m final concen- 
tration. 


TABLE V 


Relationship between reduction in cholesterol and corticoid output 
in normal homogenates in absence and presence of Catt 

Each beaker contained 40 umoles of NaHCOs, 0.4 ml of Pellet 2 
suspension, 0.3 ml of ‘‘clear’’ supernatant, and 0.154 m KCl and 
the indicated additions to a final volume of 2.0 ml. There were 
added 1.6 mg of Na TPN, 2.1 mg of Na glucose-6-P, and 33.0 umole 
of Cat+ when these substances were present. The incubation 
was for 1.0 hour at 38° under 95% O2-5% COs. 


Cholesterol 
Corticoid 
output 
Addition Total Free Ester 
Net Net Net Net 
ut /beaker 
2.51 209 80 129 
TPN + glucose-6-P..... 8.77\+6.26, 68 |—12) 129) 0 
TPN + glucose-6-P + 
28.2 (+25.7| 172;—37| 42 130) 0 
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TaBLe VI 


Effect of Ca** and freezing on cholesterol esterase activity 
of rat adrenal homogenates 


Each beaker contained 40 uwmoles of NaHCQs, 0.4 ml of Pellet 2 
suspension, 0.3 ml of ‘‘clear’’ supernatant, and 0.154 m KCl to a 
final volume of 2.0 ml. Cat*, where indicated, was present at 
16.5 X 10-3 m final concentration. When freezing was involved 
only the Pellet 2 suspension was frozen. The incubation was at 
38° under 95% 0:2-5% 


Cholesterol 
Incubation Homogenate 
time condition 
Total | Free | Ester 
min ug/beaker 
Experiment 1 0 normal 189 64 125 
0 normal + Ca*+ | 196 69 127 
60 normal 182 81 101 
60 normal + Ca++ | 178 80 98 
Experiment 2 0 normal 257 88 169 
0 frozen 249 86 163 
60 normal 256 110 146 
60 frozen 257 115 142 
TaBLeE VII 


Distribution of cholesterol in Pellet 2 and ‘‘clear’’ 
supernatant of rat adrenal homogenates 


Cholesterol* 
Fraction 
Total Free Ester 
‘‘Clear” supernatant......... 36.5 9.3 27.2 
268 37 232 


* ug cholesterol corresponding to 45 mg of fresh weight of rat 
adrenal glands. 


effect of stimulation by Ca++ on the disappearance of endogenous 
cholesterol, in the presence of TPNH, was investigated. The 
data of Table V demonstrate that concomitant with the produc- 
tion of corticoids there is a decrease in cholesterol. If the 
corticoid production is stimulated by Ca++ there is a further fall 
in the cholesterol level. This cholesterol decrease occurs ex- 
clusively in the free cholesterol fraction. Similar results were | 
obtained with stimulation by freezing although only total cho- 
lesterol] determinations were made. The data of Table VI show 
that incubation in the absence of TPN and glucose-6-P results 
in little change of the total cholesterol present, but a rise in free 
cholesterol and a fall in ester cholesterol. This is a reflection of 
cholesterol esterase activity and it can be seen that it is little 
affected by freezing or Ca**. 

The data in Table VII show that most of the cholesterol pres- 
ent in the adrenal fractions which may be involved in corticoid 
synthesis in the present system is found in Pellet 2 and that most 
of it is in the ester form. 


DISCUSSION 


The need for both the supernatant and Pellet 2 for activity is 
not surprising in light of the intracellular distribution of the 
enzymes involved in the formation of corticosterone from steroid 
precursor(s) (6). Because of the histological heterogeneity of 
the entire rat adrenal used and the somewhat arbitrary fractiona- 
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tion procedure, there is some uncertainty as to the definition of 
the various fractions isolated. However, Pellet 2, in all prob- 


ability, consists predominantly of mitochondria. As indicated 


by the data, the stimulation phenomenon takes place in this 
fraction, which also contains most of the cholesterol of the frac- 
tionated system. In addition, the stimulation apparently takes 
place at some point in the conversion of cholesterol to pregneno- 
lone. There is no effect on the cholesterol esterase activity. 
Thus, it would appear that a system located in the mitochondria 
and involved in the conversion of cholesterol to pregnenolone is 
stimulated under the conditions described. Others (7-9) have 
found that cholesterol can be utilized for corticoid production by 
the adrenal gland. It is of interest that the formation of preg- 
nenolone from cholesterol has been reported to take place in beef 
adrenal mitochondria (8). However, the locus of transformation 
of cholesterol to pregnenolone has also been reported to be in the 
supernatant fraction of beef adrenal homogenates (10). In the 
present investigation, of course, rat adrenals were used. 

The increase in corticoid output caused by exogenous preg- 
nenolone and progesterone indicates that these substances come 
in contact with the enzymes of the biosynthetic pathway for 
corticoid synthesis. Presumably, these are the same enzymes 
which act on the corresponding endogenous substances, unless 
one postulates a second set of such enzymes. Exogenous cho- 
lesterol, however, has no effect on the corticoid output. This 
may be due to a saturation of the appropriate enzyme system by 
endogenous cholesterol, or to the inability of exogenous choles- 
terol to enter the biosynthetic pathway for corticoid synthesis. 
However, in view of the high level of cholesterol in Pellet 2, the 
lack of effect of exogenous cholesterol is probably due to enzyme 
saturation by endogenous cholesterol. 

It has been shown (11) that adrenocorticotropic hormone 
(corticotropin) acts at the cholesterol to pregnenolone step in 
corticoid biosynthesis. In addition, Ca++ appears to be spe- 
cifically involved in the action of adrenocorticotropic hormone 
(12, 13). Since the activation system described in this paper 


appears to be located at a step before the formation of preg- 
nenolone and since the activation can be induced by Cat+ (2), 
this system may be involved in adrenocorticotropic hormone 
However, it has been shown previously that adrenal 


action. 
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sections maximally stimulated with Ca++ and TPNH will stil] 
respond to adrenocorticotropic hormone with a further increase 
in corticoid production (2). 


SUMMARY 


The production of corticoids from endogenous precursors re- 
quires both the large particles (Pellet 2) and the supernatant of 
rat adrenal homogenates. The stimulation of corticoid produc- 
tion resulting from freezing adrenal tissue is due to events taking 
place in the large particles. This fraction is also the rate limit- 
ing fraction, and contains most of the cholesterol present in the 
two fractions needed for corticoid production. 

In the sequence of reactions leading to the synthesis of cor- 
ticoids from endogenous precursor(s) the step(s) stimulated by 
freezing and by Ca++ appears to be before the formation of 
pregnenolone. 

Some of the implications of these findings are discussed. 
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It is well established that one or more of the adrenal steroids 
can be synthesized from cholesterol by the intact animal (1, 2) 
as well as by adrenal gland preparations (3). However, aside 
from the observation of Stone and Hechter (4) that 4-cholesten- 
3-one is not converted to cortisol or corticosterone by the per- 
fused beef adrenal glands, little is known of the structural speci- 
ficity of the cholesterol molecule required for adrenal steroid 
hormone synthesis. As a first approach to this problem we have 
studied the fate of the 24-ethyl derivative of cholesterol, 8-sitos- 
terol, in the guinea pig. This sterol is of interest because it is a 
constitutent of man’s diet (it has been estimated that man in- 
gests about 0.5 g of sitosterols per day!) and also because its 
absorption from the gastrointestinal tract has been shown to oc- 
cur in man and rat (5-7). The guinea pig was chosen for the 
present study because of our earlier demonstration that when 
this animal was fed H*-cholesterol, sufficient H*-cortisol was 
isolated from its urine for rigorous establishment of radiochemi- 
cal purity of the excreted steroid (1). 


EXPERIMENTAL 


H3-8-Sitosterol 

The tritiated B-sitosterol was a gift from Dr. C. N. Rice of 
Eli Lilly and Company, Indianapolis. It was prepared by Dr. 
R. G. Gould at the Los Alamos Scientific Laboratory by ex- 
change with H°OH in the presence of a platinum dioxide cata- 
lyst (8). To remove labile H?, the tritiated sterol was dissolved 
in ethyl alcohol containing 20% KOH, and the resulting solu- 
tion was refluxed for 3 hours. It was then diluted with water 
and extracted with petroleum ether. The petroleum ether ex- 
tract was washed with water and distilled to dryness. The sterol 
was precipitated as the digitonide, and was reisolated after cleav- 
age of the digitonide with pyridine. The free sterol was dis- 
solved in hexane and transferred to a 15-g column of acid-washed 
aluminum oxide (Merck). The column was developed with 
hexane containing increasing amounts of ether, and the §-sitos- 
terol was eluted with hexane containing 30% ether. After re- 
crystallization from acetone-alcohol (1:1), the m.p. of the B-si- 
tosterol was 138-139° and its specific activity was 15.3 uc per 
mg. Another batch of labeled B-sitosterol was prepared, with a 
lower specific activity (4.88 uc per mg), by adding to it carrier 
B-sitosterol (obtained from Lederle Laboratories, m.p. 139°). 
The 8-sitosterol with the lower specific activity was used in all 


_ * Aided by a grant from the United States Public Health Serv- 
ice. 

1 Dr. R. E. Shipley, Eli Lilly and Company, Indianapolis, 
personal communication. 


experiments except that in which H*-cortisol was isolated from 
the urine of guinea pigs that received the H*-sterol intravenously. 

In order to ascertain the radiochemical purity of the tritiated 
B-sitosterol, a few micrograms of the sterol, with a specific ac- 
tivity of 15.3 ue per mg, were mixed with unlabeled £-sitosterol 
and the mixture was converted to the 3-8-chloride derivative 
(2), m.p. 91.5-93° (reported 88° (9)). The chloride had the same 
specific activity, within the limits of experimental error, as that 
of the H*-sterol from which it was prepared. The H®*-6-sitos- 
terol used in this study contained about 5.5% dihydrositosterol. 
Of the tritium 92% was in 8-sitosterol; the remainder was in the 
saturated companion.? 

Distribution of H* in Labeled B-Sitosterol—The B-sitosterol was 
tritiated by the same procedure as that used to prepare H:?- 
cholesterol (8). It was therefore assumed that the distribution 
of H? in the side chain and the tetracyclic nucleus of the B-sitos- 
terol would be approximately the same as that in the H*-choles- 
terol (2) (side chain, 47.2%; rings, 53.7%). The validity of this 
assumption was tested by pyrolyzing the 3-8-chloride of B-sitos- 
terol (2.22 K 107! ue per mmole) by the procedure described for 
cholesteryl chloride (10). The initial distillate, collected at 400° 
was redistilled, b.p. 160° (Siwoloboff’s method (11)). This ma- 
terial (0.93 X 107! uc per mmole) was presumed to be a mixture, 
of 2-methyl-3-ethyl heptane (calculated b.p., 163.2° (12)) and its 
unsaturated isomer. The residual oil resulting from pyrolysis 
was distilled as described by Bloch and Rittenberg (10). After 
chromatography, the Ci9H30 hydrocarbon obtained had a specific 
activity of 1.07 * 10-7! uc per mmole. Thus 90% of the H? in 
the 3-8-chloride derivative was recovered, 42% in the side chain 
and 48% in the nucleus. 


Preparation of Diet Containing H*-B-Sitosterol, and Its Feeding 


Rockland guinea pig diet containing H*-G-sitosterol was pre- 
pared and fed, and urine was collected as described previously 
for the H*-cholesterol-containing diet (1). Six male guinea pigs, 
weighing from 625 to 730 g, received the labeled diet for 7 days; 
during that time they consumed 1.34 kg of diet containing 793 
uc of 

Administration of H®-8-Sitosterol-containing Plasma 

One milligram of the tritiated sterol was dissolved in 100 ul of 
warm absolute alcohol, and 50 ul of propylene glycol were added. 
After the solution had cooled, 2.0 ml of guinea pig plasma were 
added, with continuous stirring. The resulting mixture was only 
slightly turbid. With a 2-ml syringe coated on the inside with a 
thin layer of silicone grease, 0.5 ml of plasma containing 0.23 


2 In press, Arch. Biochem. Biophys. 
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TABLE I 
Method of isolation of H*-cortisol from urine of guinea pigs fed 
H-8-sitosterol for one week 


Paper chromatographic systems used and 


Step assay of eluates 


1. Crude neutral steroid ex- a. Chloroform-formamide for 17 
tract prepared by the pro- hours (13). 
cedure of Burstein and | b. Benzene-methanol-water (1.0: 
Dorfman (13). 0.5:0.5) for 17 hours (14). 
Cortisol isolated, 575 ug with a 
specific activity of 7,510 d.p.m. 


per mg. 


2. 600 wg of carrier cortisol | a. Toluene-propylene glycol, 17 
added to the 575 ug of 1 b. hours (15). 
and mixture converted to 
acetyl derivative. 


3. Cortisol acetate obtained | a. Benzene-methanol-water (1.0: 
from 2 a. above was hy- 0.5:0.5) for 17 hours. Cortisol 
drolyzed to free cortisol isolated, 180 ug with a specific 
(16). activity of 11,320 d.p.m. per 
mg.* 

b. Same asa above. Cortisol iso- 
lated, 60 ug with a specific ac- 
tivity of 15,760 d.p.m. per mg.* 


* Calculated by isotopic dilution. 


TABLE II 
Method of isolation of H*-cortisol from urine of guinea pigs treated 
by intravenous injection with H3-8-sitosterol 
Each guinea pig received 0.23 mg of labeled 8-sitosterol contain- 
ing 3.56 we of 


Paper chromatographic systems and 


Step crystallizations 


1. Crude neutral steroid ob- | a. Benzene-methanol-water (1.0: 


tained by continuous 0.5:0.5) for 17 hours (14). 
ether extraction of urine | b. Toluene-propylene glycol for 
(2). 72 hours (15). 


c. Same asa above. Cortisol iso- 


lated, 3.0 mg. 


A was recrystallized first from 
methanol and then from tolu- 
ene-dioxane (7:1), m.p. 202- 
207°. Cortisol isolated, 1.64 mg 
with a specific activity of 5,390 
d.p.m. per mg.* 

B was converted to the acetyl 
derivative, and the latter was 
recrystallized twice from tolu- 
ene-dioxane, m.p. 198-202°. 
Cortisol isolated, 0.5 mg with a 
specific activity of 5,780 d.p.m. 
per mg.* 


2. 7.0 mg of carrier cortisol 
added to the 3.0 mg of H- 
cortisol (le.), and mix- 
ture divided into 2 equal 
parts, A and B. 


* The specific activity value is for the free cortisol, and was 
calculated by isotope dilution. 


mg of labeled 8-sitosterol (4.88 we per mg) was injected into the 
femoral vein; each guinea pig previously had been anesthetized 
with Nembutal. Each animal was placed in a metabolism cage 


where it had access to the nonradioactive stock diet and water. 
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In order to check the accuracy of the intravenous delivery of 
H?-8-sitosterol by the syringe, three 0.5 ml plasma samples were 
saponified, the sterol digitonides were isolated, and their H? con- 
tent was determined. The values obtained for the H? content of 
the samples were 1.01, 1.12, and 1.02 uc. The average of these 
three values, 1.05, agrees well with the calculated H* content of 
the 0.5-ml plasma sample, namely, 1.13 uc. 


Isolation of Urinary Cortisol 


Feeding Experiment—Details of the procedure have been re- 
ported (1). The isolation scheme is shown in Table I. 

Intravenous Experiment—Each of 20 male guinea pigs, weigh- 
ing 500 to 1000 g, was given an intravenous injection of 0.23 mg 
of B-sitosterol (15.3 we per mg). All urine samples collected 
during a 50-hour period were pooled. The urine was saturated 
with anhydrous sodium sulfate at room temperature, and its pH 
was adjusted to 6.5. It was then extracted continuously for 48 
hours with ether. From the ether extract, a crude neutral steroid 
extract was prepared (2). The method of isolation of the H?- 
cortisol is shown in Table IT. 


Isolation of Sterol Digitonides from Plasma and Tissues 


From Animals Fed H?-8-Sitosterol—The animals were anes- 
thetized with Nembutal at the end of the 7th day of the feeding. 
After as much blood as possible had been removed from the in- 
ferior vena cavas, the livers, adrenal glands, and testes were ex- 
cised. Whole livers of the 6 guinea pigs were combined and 
minced, as were their adrenal glands and testes. Plasma was 
obtained from the pooled blood. Each tissue mince and the 
pooled plasma were heated with 20 volumes of alcohol-ether (3:1) 
for 3 hours on a steam bath. The supernatant solution was de- 
canted, the extraction repeated, and the combined lipid extracts 
were concentrated. The concentrate was extracted with petro- 
leum ether, and the petroleum ether extract was distilled to dry- 
ness. The free sterols and ester sterols were separated by digi- 
tonin precipitation (17). The free sterols obtained after alkaline 
hydrolysis of the esters were precipitated with digitonin. 

From Animals Treated by Intravenous Injection with H*-B-Sitos- 
terol—The tissues were minced, pooled, and refluxed with 15 
volumes of 20%, KOH in alcohol, for 3 hours. After dilution of 
the hydrolysate with water, total sterols were extracted with 
petroleum ether. The sterols were precipitated as the digitonides 
as described in the preceding paragraph. 

Equal volumes of whole blood from each animal were mixed, 
and plasma was prepared from an aliquot of the mixed blood. 
Digitonides of the total sterols were prepared as described above. 


Determination of H*-actwitres of Sterols 


The sterol digitonides were dried in a desiccator and dissolved 
in hot methanol. ‘The cooled solution was diluted to a known 
volume with methanol, and an aliquot containing from 30 to 80 
ug of cholesterol was evaporated in a test tube. Three milliliters 
of glacial acetic acid containing 2.5 mg of FeCl;-6H.O were then 
added. After thorough mixing, 2.0 ml of concentrated sulfuric 
acid were added, and the mixture was vigorously shaken. The 
absorbance of the solution at 560 my was read on a Beckman 
model B spectrophotometer, 45 minutes later. The standard 
curve was prepared from cholesterol. These modifications of the 
procedure of Zlatkis et al. (18) were suggested to us by Dr. Man- 
ford:D. Morris. 
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A 1.0-ml aliquot of the methanol solution was assayed for tri- 
tium as described below. 


Isolation of Nonsaponifiable, Fatty Acid, and Bile Acid Fractions 
from Bile 


Enough NaOH pellets were added to pooled gall bladder bile in 
an Erlenmeyer flask to yield a 5% solution; a bubble stopper was 
placed in the mouth of the flask which was then autoclaved for 
3.5 hours at 15 pounds per sq in at 115° (19). The volume of 
the hydrolyzed bile was brought to 5 ml with water, an equal 
volume of alcohol was added, and the solution was extracted 4 
or 5 times with petroleum ether (nonsaponifiable fraction). The 
aqueous, alcoholic solution was acidified to pH 1, and extracted 
three times with an equal volume of petroleum ether (fatty acid 
fraction). The acid solution was next extracted four times with 
ethyl ether. The combined ethyl] ether extracts were extracted 
four times with 16% NaOH. The total alkaline extracts were 
acidified to pH 1, and extracted four times with ethyl ether; the 
ethyl ether extract contained the bile acid fraction. The solvent 
was removed by vacuum distillation from each extract before its 
H? content was determined. 


Tritium Counting 


A Packard model 314 Tri-Carb liquid scintillation spectrome- 
ter was used for H* assays. Each 5-dram counting bottle con- 
tained 45 mg of 2,5-diphenyloxazole and 15 ml of toluene. The 
solvents used for counting were of reagent grade. The dioxane 
was an Eastman Kodak product, No. 2144. 

The sterol dibromides and the nonsaponifiable and fatty acid 
fractions prepared from bile were counted directly in toluene. 
All cortisol samples were dissolved in 0.5 ml of dioxane before 
the addition of toluene. The bile acid fraction was dissolved in 
absolute alcohol, and 1 ml of this alcoholic solution was used for 
assay. 


Determination of H*-Water.in Blood and Urine of Guinea Pigs 
Treated by Injection 


These procedures have been described elsewhere (20). 
RESULTS 
H*® in Digitonin-Precipitable Sterols of Tissues and Plasma 


Feeding Experiment—The Hi contents of the digitonin-precipi- 
table free sterols and sterol esters isolated from the tissues of the 
guinea pigs fed the H°-8-sitosterol are given in Table III. The 
digitonides were assayed for unsaturated sterols, and the H? ac- 
tivity per mg of unsaturated sterol is shown in the last column 
of the table. We have assumed that the radioactivity in these 
digitonides was present as unmetabolized 8-sitosterol because of 
our finding (discussed below) that all but 3% of the H? of the 
labeled liver sterols could be separated from cholesterol by car- 
rier crystallization. The whole liver, both adrenals, and both 
testes of each guinea pig contained at least 110, 29, and 6 ug, 
respectively, of B-sitosterol at the time the animals were killed. 
These amounts represent 0.4, 0.1, and 0.02%, respectively, of 
the 27 mg of the labeled B-sitosterol consumed by each animal 
during the 1-week feeding period. 

The close agreement between the H? activity per mg of un- 
saturated sterols of the free and ester fractions in liver and plasma 
indicated that equilibration had taken place between the free 
and esterified B-sitosterols in these tissues. 

Most of the sterol in the adrenal gland of the guinea pig was 
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TABLE III 


H? content of digitonin-precipitable free sterols and sterol esters in 
tissues of guinea pigs fed H3-8-sitosterol for one week 


Total H? in pooled | Unsaturated 
Organ Sterol organs ne guinea 
d.p.m. mg d.p.m. H*/mg 
Liver Free 7,049,000 256 .0 27 , 550 
Ester 24,740 0.76 32,550 
Plasma Free 64, 760 1.93 33, 560 
Ester 33,030 1.13 29, 230 
Adrenal Free 57,550 0.36 159, 900 
Ester 251, 300 44.0 5,710 
Testis Free 44,900 40.8 1,100 
Ester 12,830 8.38 1,530 
TABLE IV 


Changes with time in H?3 content of tissue sterols of guinea pigs 
treated by intravenous injection with H3-B8-sitosterol 
Each animal received 0.23 mg of labeled 8-sitosterol containing 
1.13 we of H3. 


d.p.m. per mg of total unsaturated sterol 
Interval 
Liver —- Plasma Adrenal Testis 

hr 

11 3 28,300 | 7,030) 7,580 520 85 
27 5 13,800 | 9,290 1,030 140 
40 3 8,280 | 10,000 | 7,990 1,340 140 
50 2 7,230 | 7,580 | 6,760 1,030 210 


in the esterified form. Even though there was over 4 times more 
tritium in the ester than in the free fraction, the specific activity 
of the latter was more than 25 times that of the ester fraction. 

In contrast, the testis contained about 5 times as much free as 
esterified sterol. The specific activity of the ester sterol was 
about 1.4 times that of the free sterol. 

Intravenous Experiment—The H? contents of total digitonin- 
precipitable sterols were measured in some tissues of guinea pigs 
killed at various times after they had received single intravenous 
injections of labeled 8-sitosterol. The values are expressed in 
Table IV as H*-activity per mg of unsaturated sterol. The ac- - 
tivity in liver declined with time between 11 and 50 hours after 
the injection of the labeled sterol. The highest activity in whole 
blood and plasma was found at 40 hours, and at 50 hours equi- 
libration had taken place between the labeled sterols of liver and 
plasma. The highest activity in adrenal glands was found at 40 
hours. The activity in testis was still rising at 50 hours, at which 
time it was about one-fifth of the adrenal value. 


Isolation of Urinary H*-Cortisol 


H?-cortisol was extracted from the pooled urines of 6 male 
guinea pigs that had been fed the H*-8-sitosterol. The isolation 
procedure is shown in Table I. Purification of the free cortisol 
and its acetyl derivative was done by paper chromatography. 
The paucity of steroid remaining precluded purification beyond 
that outlined in Table I. The data demonstrate that H*-6-sitos- 
terol is converted to H*-cortisol in the guinea pig. 

Confirmation of this conversion was obtained in a second ex- 
periment. Table II shows the procedure used to isolate and 
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purify the cortisol from the pooled urines of 20 guinea pigs that 
received the labeled sterol intravenously. The close agreement 
between the specific activity values of the free cortisol and of its 
acetyl derivative established the radiochemical purity of the 
isolated cortisol. 


Mixture of dibromides of 
H>-labeled liver sterols and 
unlabeled cholesterol 


Mixture of dibromides 
of H>®-B-sitosterol and 
unlabeled cholesterol 


Per Cent of Initial Specific Activity 


Number of Recrystallizations 
Fic. 1. Effect of repeated recrystallization on specific activity 


of mixtures of (a) H®-labeled liver sterols + unlabeled cholesterol 
and (b) H?-8-sitosterol + unlabeled cholesterol. 


TABLE V 
H® content of nonsaponifiable, fatty acid, and bile acid fractions 
isolated from gall bladder bile of guinea pigs treated by intravenous 
injection with H*-8-sitosterol 
Each animal received 0.23 mg of labeled 6-sitosterol containing 
1.13 we of H3-8-sitosterol. 


Bile, d.p.m./ml 
Time Pooled bile 
Nonsaponifiable Fatty acid Bile acid* 
fraction fraction fraction 

hr ml 

11 2.5 2,620 105 280 
27 5.1 1,430 65 245 
40 3.3 580 40 235 
50 3.6 475 45 


* Corrected for quenching effects of 46 to 67%. 


TaBLeE VI 
H*-Water assay of blood and urine of guinea pigs that received an 
intravenous injection of H*-B-sitosterol 
Each animal received 0.23 mg of labeled 8-sitosterol containing 
1.13 we of 


Time Blood Urine 
hr d.p.m./ml water d.p.m./ml water 
27 49 47 
40 100 
50 36 
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Additional Evidence for B-Sitosterol Metabolism 


H?-Cholesterol in Livers of H*-8-Sitosterol-fed Animals—To as- 
certain whether H*-cholesterol was present in the livers of these 
animals, attempts were made to separate microgram quantities 
of B-sitosterol from cholesterol by paper chromatography (21). 
These attempts were not successful in our hands, and another ap- 
proach was therefore used. Gould (22) has shown that most of 
the radioactivity can be eliminated from tissue sterols of H?-6- 
sitosterol-fed rats by successive formation of dibromides of the 
sterols followed by regeneration of the free sterol through zinc 
treatment. We found that cholesterol dibromides (23) can be 
recrystallized easily, with good yields, from an ether-acetic acid 
mixture (5:1) at room temperature. With this method, it was 
possible to reduce the concentration of H*® by 99.8% in a pre- 
pared mixture consisting of 2.44 mg of labeled 6-sitosterol and 
1.0 g of unlabeled cholesterol. This is illustrated in Fig.1. The 
initial specific activity of the sterol mixture, 27,100 d.p.m. per 
mg, was reduced to 56 d.p.m. per mg after 10 recrystallizations. 
A second experiment, in which only 625 ug of H*-6-sitosterol were 
mixed with 1.0 g of cholesterol, the mixture having a specific 
activity of 6,360 d.p.m. per mg, gave the same results. Thus, 
regardless of the initial specific activity of the mixture, only 
0.22% remained after 9 or 10 recrystallizations. 

The digitonides prepared from the sterols isolated from the 
livers of animals fed the labeled 6-sitosterol were cleaved with 
pyridine, and the 256 mg of free sterols obtained were mixed with 
744 mg of carrier cholesterol. The mixture was converted to the 
dibromide which was recrystallized 8 times. Fig. 1 shows the 
decrease in specific activity values with each recrystallization. 
After the eighth, 3.3% of the initial specific activity remained— 
in contrast to the control run in which only 0.22% was left. 
These findings indicate that the livers of guinea pigs fed H?-- 
sitosterol for 7 days contained H?-cholesterol (855 d.p.m. per mg) 
or a metabolite of H*-8-sitosterol inseparable from cholesterol 
by this recrystallization procedure. 

These results should be compared with those for the H*-choles- 
terol content of the livers of 7 of the 20 guinea pigs that were 
killed 50° hours after they had received H?-6-sitosterol (15.3 ue 
per mg) intravenously. ‘To 233 mg of labeled liver sterols, 767 
mg of carrier cholesterol were added. The initial specific activity 
of the mixture was 7,150 d.p.m. per mg. After 11 recrystalliza- 
tions of the dibromide derivative, the specific activity was 19 
d.p.m. per mg, or 0.27% of the initial value. This value is close 
to the control value of 0.22%, and it may therefore be concluded 
that H*-cholesterol was not present in the livers of these animals. 

Metabolism of Side Chain of H?-8-Sitosterol—Bile was collected 
from the gall bladders of the animals killed at various times after 
a single intravenous injection of H*-6-sitosterol. The H® activi- 
ties (calculated as disintegrations per minute per ml of bile) of 
the nonsaponifiable, the fatty acid, and the bile acid fractions are 
shown in Table V. The radioactivity in the nonsaponifiable 
fraction was probably due to H?-6-sitosterol. Both the fatty 
acid and the bile acid fractions were radioactive, their H* ac- 
tivities declining with time. Since the saponified bile was first 
extracted with petroleum ether and was then acidified and re- 
extracted with petroleum ether before bile acids were extracted, 
it is very unlikely that the H? in the bile acid fraction was the re- 
sult of contamination by H?-8-sitosterol. 

Further evidence of the metabolism of the side chain of ab- 
sorbed 8-sitosterol in the guinea pig was the finding of H*-water 
in the blood and urine of these animals (Table VI). At 27 hours 
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after the intravenous administration of H®-8-sitosterol, there 
seemed to be an equilibrium between the H? in the water of blood 
and urine. 


DISCUSSION 


It is shown here that the 29-carbon sterol, 8-sitosterol, is con- 
verted to cortisol by the guinea pig. This sterol thus represents 
the second known dietary precursor, with a tetracyclic nucleus, 
of cortisol, the first being cholesterol. 

Although H?-cortisol and an H?-bile acid fraction were obtained 
from guinea pigs that had been injected with the labeled. sterol, 
H3-cholesterol could not be detected in their livers. Hence, the 
tetracyclic nucleus of the labeled 6-sitosterol was the precursor 
of the labeled products. 

The enzymatic pathway in the adrenal gland for conversion 
of B-sitosterol to cortisol probably involves the same series of 
reactions by which cholesterol is transformed to this hormone. 
Once the side chain of B-sitosterol is cleaved at carbon atoms 20 
and 22, the same intermediate can be formed, namely 5-pregnen- 
20-ol-3-one, as that resulting from cleavage of the cholesterol 
side chain. Thus, no new enzymes need be postulated for the 
over-all conversion of 8-sitosterol to cortisol. Our findings, how- 
ever, do not rule out the possible presence of adrenal enzymes 
capable of de-ethylating 8-sitosterol to cholesterol before en- 
zymatic cleaving of the side chain.’ 

A labeled sterol inseparable from cholesterol (by a recrystal- 
lization method that removed 99.8% of the H3-6-sitosterol added 
to carrier cholesterol) was isolated from the livers of animals 
that were fed H*-6-sitosterol for one week. This labeled sterol 
was probably cholesterol because it is known that the hydrogen 
of labeled water, which was undoubtedly present in the body 
fluids of the guinea pigs fed H*-8-sitosterol,‘ is incorporated into 
cholesterol (26). Thus, in these animals, two precursors were 
available for the synthesis of H-cortisol by adrenal enzymes, H3- 
B-sitosterol and liver H*-cholesterol. The fact that the specific 
activity of the urinary H*-cortisol was much higher than that of 
the liver cholesterol shows that the latter could not have served 
as the principal precursor of the cortisol. 

The finding of tritium in the bile acid fraction of animals that 
received the labeled sterol intravenously is evidence for the for- 
mation of bile acids from H?-6-sitosterol. Since the conversion 
may be a direct one, a 3a,7a-dihydroxy-24-ethyl-coprostanic 
acid is suggested as a possible product. Although this bile acid 
has not been isolated from guinea pig bile (27), a similar acid has 
been obtained and characterized from toad bile (28). 

The low H?-activity of unsaturated sterol in the testis proba- 
bly reflects the fact that the major part of the sterol in this organ 
arises in situ. Morris and Chaikoff (29) have shown that 62% 
of testis cholesterol in the rat is produced in situ. : 

The finding of 5.5% H*-dihydrositosterol in the H*-G-sitosterol? 
used in the present study does not invalidate the foregoing dis- 
cussion, since no mechanism is currently known for the conver- 
sion of a saturated sterol to cortisol. 


SUMMARY 


1. The fate of H*-8-sitosterol was studied in 2 groups of guinea 
pigs. The first group was fed the labeled sterol for 7 days, 
whereas the second received single intravenous administrations 
of the H3-8-sitosterol. 


3 It is of interest in this connection that dealkylation of sterol 
side chains by insects has been demonstrated (24, 25). 

4 This is inferred because H*-water was obtained from the 
animals treated by injection of H?-8-sitosterol. 
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2. H*-Cortisol was isolated from the urines of both groups of 
guinea pigs. 

3. H*-Cholesterol was recovered from the livers of animals 
that were fed the H*-8-sitosterol. A comparison of the specific 
activities of urinary cortisol and liver cholesterol indicated that 
the latter could not have been the major precursor of the urinary 
cortisol. 

4. Radioactivity was found in the fatty acid, the nonsaponifi- 
able, and the bile acid fractions isolated from gall bladder bile of 
guinea pigs in which the H*-6-sitosterol was injected intrave- 
nously. This finding, and the isolation of H*-water from the 
blood and urine, are taken as further evidence of the degradation 
of the side chain of the administered labeled sterol. 
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Reduction of the 4-5 double bond of A*-3-ketosteroids produces 
an asymmetrical carbon at position 5, and two stereoisomers can 
be formed, designated 5a and 58 according to the orientation of 
the hydrogen at that position. In 1956, enzymes present in the 
soluble fraction of rat liver were described which catalyzed the 
formation of the 58 isomers from a variety of 4—5-unsaturated 
3-ketosteroids (2). The enzyme responsible for cortisone! reduc- 
tion was partially purified and found to be highly specific. That 
is, it could not act on steroids differing only slightly from corti- 
sone, such as 2-methylcortisone, cortisol, 11-ketoprogesterone, 
or adrenosterone. 

Forchielli and Dorfman (3) found that the reduction of the 4-5 
double bond of 11-deoxycortisol could be catalyzed by the partic- 
ulate fraction of rat liver, and, in this case, the 5a-reduced prod- 
uct was formed. In a previous publication (4), we presented 
evidence that there are multiple steroid reductases (5a) in liver 
microsomes as well as a number of soluble 56 reductases. 

In this communication, data will be presented to indicate that 
for each of a group of substrates tested, there is a separate (5a) 
reductase in the microsomal fraction of rat liver. In a subse- 
quent paper? some characteristics of the enzymes and the basis 
of their substrate specificity will be considered. 


EXPERIMENTAL 


Materials and Methods 


Animals—Sprague-Dawley rats weighing 180 to 210 g were 
used. In one experiment, male rats were treated with thyroxine 
for 20 days as described before (5, 6). 

Preparation of Microsomal Fraction—The microsomal fraction 
was prepared from livers which had been removed and placed 
on ice immediately following decapitation of the rat. Livers were 
minced, then homogenized in 10 volumes of 0.25 m sucrose at 0 
to 5°. The supernatant liquid resulting from centrifugation at 
10,000 x g for 10 minutes was further centrifuged in a Spinco 
model L centrifuge at 100,000 x g for 1 hour. The supernatant 


*A preliminary report was presented at a meeting of the Fed- 
eration of the American Societies for Experimental Biology (1). 

t Present address, Department of Medicine Section of Derma- 
tology, Yale University School of Medicine, New Haven, 
Connecticut. 

1 The abbreviations used are: cortisone or compound E, 17a,21- 
dihydroxypregn-4-ene-3,11,20-trione; cortisol or compound F, 
118,17a,21-trihydroxypregn-4-ene-3,20-dione; compound § or 11- 
deoxycortisol, 17a,21-dihydroxypregn-4-ene-3,20-dione; DOC or 
deoxycorticosterone, 21-hydroxypregn-4-ene-3, 20-dione; androst- 
enedione, androst-4-en-3,17-dione; adrenosterone for androst-4- 
en-3,11,17-trione; and 11-ketoprogesterone, pregn-4-ene-3, 11, 20- 
trione. 

2J.S. McGuire and G. M. Tompkins, in preparation. 


fraction was discarded and the resulting pellet homogenized in 3 
ml of sucrose per gram of original liver. This was resedimented 
in the ultracentrifuge as before, then resuspended in sucrose so 
that 1 ml of microsomal suspension represented 1 g of liver. 

Materials—Nucleotides and steroids were purchased from the 
Sigma Chemical Company. All steroids were found to be ho- 
mogeneous by paper chromatography. Isocitric acid dehydro- 
genase was prepared by the method of Ochoa (7) from pig heart 
acetone powder. 

Methods—Steroids were chromatographed on Whatman No. 1 
filter paper with several solvent systems devised by Peterson? 


based on methods originally described by Bush (8). A‘-3-Ke- . 


tosteroids were detected on paper by soda fluorescence and ultra- 
violet quenching. 17-Ketosteroids were located by spraying 
with Zimmerman’s m-dinitrobenzene reagent (9). The reduction 
of tetrazolium blue was used to locate steroids with an a-ketol 
side chain. 

Assay of A‘-3-Ketosteroid Reductase (5a)—Reductase activity 
was determined by measuring, in a Beckman model DU spec- 
trophotometer, the decrease in optical density occurring with the 
saturation of the 4-5 double bond. Details of this assay have 
been previously described (2, 5). The reaction was found to 
follow zero order kinetics for at least 10 minutes (Fig. 1) and 
samples were routinely taken at 5 minutes to determine the initial 
rate of the reaction. When readings were taken at 1-minute 
intervals, an initial lag was apparent which could be abolished by 
equilibrating all reagents at 37° before mixing them. 


RESULTS 


Thyroxine Treatment—We have previously reported (5, 6) that 
the administration of thyroxine to male Sprague-Dawley rats 
(for longer than 16 days) causes a manyfold increase in the 
A‘-3-ketosteroid reductase (5a) activity present in the micro- 
somal fraction of liver. In the present study, the rates of ring A 
reduction of several different A‘-3-ketosteroids were compared in 
treated and untreated animals. If a single enzyme were responsi- 
ble for catalyzing the reduction of several A‘-3-ketosteroids, then 
relative rates of reduction of the various substrates should remain 
constant regardless of the treatment of the animal. If several 
substrate-specific enzymes were involved, however, the relative 
rates might vary. 

Evidence for multiple 5a-hydrogenases is presented in Table 
I. Thyroxine treatment increased the reductase activity of the 
microsomal fraction for certain steroids more than others, sug- 
gesting heterogeneity of the 5a-reductase activity. For example, 
in the control microsomes, androstenedione was reduced 1.1 
times as fast as cortisone. After thyroxine treatment, however, 
this ratio changed to 1.8:1. The results from Table I were 
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Fic. 1. The rates of reduction of A‘-3-ketosteroids by the 
microsomal fraction of female rat liver. The reaction mixture 
contained, in a volume of 10 ml, 50 umoles of tris(hydroxymethy]) 
aminomethane buffer, pH 7.4, 25 umoles of MgCl:, 150 umoles of 
dl-isocitric acid, 1 ml of isocitric acid dehydrogenase, 7.5 umoles 
of TPN, 1 ml (equivalent to 1 g of liver) of microsomal suspension 
and 560 ug of steroid in 2.8 ml of 10% methanol-water solution. 
All components, except microsomes which were warmed sepa- 
rately, were incubated together at 37° for 1 minute. Microsomes 
were then added and 1-ml aliquots were removed at designated 
intervals and extracted with dichloromethane. The optical den- 
sity of these extracts was determined at 240 my. In the figure all 
initial optical density values have been corrected to 0.8 for better 
comparison. @, cortisol (F); O, cortisone (E); @, 11-deoxy- 
cortisol (S); A, 4-androstene-3,17-dione (4-AND); VW, 11-deoxy- 
corticosterone (DOC). | 


TABLE I 


Reduction of A‘-3-ketosteroids by microsomes from normal 
and thyroxine-treated male rats 


Each reaction mixture contained, in a volume of 2 ml, 10 umoles 
of tris(hydroxymethyl)aminomethane buffer, pH 7.4, 1.5 umoles 
of TPN, 5 umoles of MgCl2, 30 umoles of DL-isocitric acid, 0.2 ml of 
isocitric acid dehydrogenase, 100 ug of steroid (the steroid was 
first dissolved in methanol, 2 mg per ml, then diluted with 9 
volumes of hot water), and 0.2 ml of microsomal suspenion, which 
represented 200 mg of liver. 

Ingredients were mixed at 0 to 5°, a 0.9-ml aliquot was removed 
initially, and after incubation of the remainder at 37° for 10 min- 
utes. The difference in optical density at 240 mz between dichlo- 
romethane extracts of the two aliquots was determined, loss of 
absorption represented saturation of the 4-5 double bond. 

In Columns 1 and 3, the rates of reduction of various steroids 
are compared. These are expressed as ratios to the rate of cor- 
tisone reduction in Columns 2 and 4. Cortisone is arbitrarily 
designated 1. 


Control Thyroxine 
Substrate 
A OD at 240; Ratio to | A OD at 240/ Ratio to 
my/10 min | cortisone | my/10 min | cortisone 
Cortisone................ 0.109 1.0 0.418 1.0 
0.061 0.56 0.402 0.96 
Compound S............. 0.129 1.18 0.590 1.41 
4-Androstenedione....... 0.123 1.13 0.736 1.76 
Deoxycorticosterone..... 9.111 1.02 0.560 1.34 
Testosterone............. 0.139 1.27 0.636 1.52 


RATIO OF ACTIVITY TO CORTISONE 


ANIMAL NUMBER 


Fig. 2. A comparison of the reduction of various steroids by 
microsomes from individual rats. The rate of steroid reduction 
was measured as described in Table I and the rate of cortisone 
reduction by each preparation was arbitrarily designated 1 and is 
represented by the dotted line. The mixtures were incubated 5 
minutes. 4-AND, 4-androstene-3,17-dione. 


obtained from one control and one thyroxine-treated rat. The 
ratios varied somewhat in each experiment although duplicate | 
assays in the same experiment gave constant ratios. 

Data obtained with the microsomal fractions from 18 normal 
female rats are presented in Fig. 2A and B. The rates of reduc- 
tion of four substrates are expressed relative to the rate of corti- 
sone reduction in that particular preparation, 7.e., as the ratio 
“rate of steroid reduction to rate of cortisone reduction.” The 
data show that this ratio varies considerably from animal to 
animal and from steroid to steroid. The reduction of 4-andro- 
stene-3 ,17-dione was from 1.2 to 3.2 times as fast as that of 
cortisone. The range of these values for cortisol was from 0.8 
to 1.6; for deoxycorticosterone, from 1.4 to 3.4; and for com- 
pound §, from 0.7 to 1.6. The variation in ratios from animal 
to animal supports the interpretation that a single enzyme is not 
responsible for all the reduction, but that there may be a specific 
enzyme associated with each of the five substrates tested. 

Lyophilized Microsomes—Microsomes, freshly prepared from 
the livers of female rats, were washed with water, lyophilized, 
and resuspended in water. The reductase activities for five 
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RATIO OF ACTIVITY TO CORTISONE 
acs’ 


HOURS 


Fic. 3. The effect of aging on steroid reductase (5a) activity in 
lyophilized microsomes. The conditions for the measurement of 
the rate of reduction of these steroids are as in Table I, except 
mixtures were incubated for only 5 minutes. A, 4-androstene- 
3,17-dione (4-AND); \/, 11-deoxycorticosterone (DOC); @, 11- 
deoxycortisol (S); O, cortisone (E); 0, cortisol. 


% CHANGE IN ACTIVITY 
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Fic. 4. The effect of ethanol on steroid reductases (5a). 
Conditions were the same as described in Table I with the addi- 
tion of ethanol in the final concentrations indicated. The mix- 
tures were incubated 5 minutes. Symbols are the same as used 
in Fig. 1. 


TaBLeE II 
Effect of 5a-androstane-3,17-dione on steroid reduction 


Androstanedione, 100 ug in 0.05 ml of methanol, was added to 
reaction mixtures identical to those in Table I. However, in this 
experiment microsomes from female rats were used and the in- 
cubation lasted 5 minutes. In control experiments, androstane- 
dione was omitted and methanol 0.05 ml was added. 


A OD with 
Substrate 4 OD control | androstane- Inhibition 
dione 

% 
0.120 0.084 30 
ne 0.108 0.063 42 
Compound §S................. 0.180 0.152 15 
4-Androstene-3,17-dione...... 0.242 0.240 0 
Deoxycorticosterone..........| 0.264 0.243 8 
Testosterone................. 0.252 0.250 0 


Heterogeneity of A‘-3-Ketosteroid Reductases (5a) 


Vol. 235, No. 6 


substrates were determined both immediately and after storage 
at 5° for 2 and 4 hours. These rates of reduction are shown in 
Fig. 3 as ratios of the rate of cortisone reduction (designated 1), 
Lyophilized microsomes aged for 4 hours catalyze the reduction 
of cortisone at only 40% of the rate of freshly suspended lyophil- 
ized microsomes. The rates of reduction of the several steroids 
tested were affected differently by aging. Although all of the 
reductase activities increased with respect to cortisone, the indi- 
vidual patterns of variation again made it seem likely that sepa- 
rate enzymes were concerned with the reduction of each of the 
substrates assayed. , 

Ethanol Treatment—Ethanol, when added to the reaction mix- 
ture containing steroid, microsomes, and a TPNH-generating 
system, affected the rate of steroid reduction in a manner which 
depended on the substrate tested. As shown in Fig. 4, the rates 
of reduction of compound §, 4-androstene-3 , 17-dione, and deoxy- 
corticosterone were accelerated by low concentrations of ethanol, 
whereas the reactions with cortisone and cortisol were strongly 
inhibited. 

Differential Inhibition by Dihydrosteroids—Androstane-3 , 17- 
dione inhibited the reduction of some substrates more than others 
(Table II). Thus, the conversion of cortisone and cortisol to 
their dihydro-derivatives was inhibited 30 and 42%, respectively, 
the compound § reaction 15%, and the reduction of DOC only 
8%. The metabolism of 4androstenedione and testosterone 
was unafiected by the inhibitor. These findings provide further 
evidence that there are multiple microsomal steroid reductases. 
The validity of the argument is independent of whether the 
inhibitor is competitive or noncompetitive. In the first instance, 
(i.e. competitive inhibition) if a single enzyme were involved, 
the extent of the inhibition should have been related to the K,, 
values of the substrates being tested and there was no such 
relationship. On the other hand, if the inhibitor were noncom- 
petitive, and a single enzyme were involved, the degree of inhibi- 
tion would be the same regardless of the substrate tested. Again, 
this is not the case. One may, therefore, conclude that separate 
enzymes are involved in the reductions of the various substrates. 

It is of interest that the 58 isomer of the inhibitor, 56-andro- 
stane-3 ,17-dione, did not interfere with the reduction of any of 
the A‘-3-ketosteroids examined. 

In view of the apparent heterogeneity of the 5a-reductase 
activity, attempts to solubilize the enzymes were carried out in 
the hope that separation of the individual proteins might be 
possible. These have included: exposure to high frequency 
sound waves; treatment with the detergents Triton, Digitonin, 
Tween 80 or sodium deoxycholate; incubation with crude snake 
venom or ribonuclease; Morton’s butanol procedure (10); making 
an acetone powder; or repeated, rapid freezing and thawing. 
None of these has been successful in producing from the micro- 
somal fraction any A‘-3-ketosteroid reductase activity not sedi- 
mented at 100,000 x g in 45 minutes. 

Identification of Products of Reduction of Steroids by Female 
Rat Liver Microsomes—For the preparation of quantities suff- 
cient for identification, reaction mixtures identical to those in 
Table I were used. The entire mixture was extracted with 
dichloromethane after incubation for 5 minutes at 37°. 

Metabolites of the steroids were partially identified by their 
mobilities on paper in several chromatographic systems. To 
confirm the identity of some of these compounds, derivatives 
were prepared by enzymic reduction with 3a-hydroxysteroid 
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dehydrogenase (11) and their behavior on paper chromatography 
was compared with that of known compounds. 

1. Cortisone. Two “blue tetrazolium positive” nonultraviolet- 
quenching products were obtained by paper chromatography 
after the reduction of cortisone. The more polar substance had 
the mobility of 5a-tetrahydrocortisone. The less polar com- 
pound was identical in mobility with 5a-dihydrocortisone and, 
as expected, when reduced with 3a-hydroxysteroid dehydrogen- 
ase gave rise to a compound with the mobility of 5a-tetrahydro- 
cortisone. 

2. Cortisol. Two “blue tetrazolium positive” nonultraviolet- 
quenching compounds were obtained by paper chromatography 
of reduced cortisol. The less polar compound had the same 
mobility as 5a-dihydrocortisol and when further reduced with 
3a-hydroxysteroid dehydrogenase gave rise to a compound of 
the same mobility as the more polar compound which was identi- 
cal in mobility to 5a-tetrahydrocortisol. 

3. 11-Deoxycorticosterone (DOC). Two “blue tetrazolium 
positive” nonultraviolet-quenching substances were produced by 
the reduction of DOC with microsomes. One had the mobility 
of 5a-dihydro-DOC. When this compound was further reduced 
with 3a-hydroxysteroid dehydrogenase, a compound with the 
same mobility as the more polar compound and 5a-tetrahydro- 
DOC was formed. 

4. 4-Androstene-3 ,17-dione. Two ‘Zimmerman positive’ 
nonultraviolet-quenching compounds were produced, the less 
polar compound had the mobility of androstane-3 , 17-dione, (5a) 
which is identical in mobility to the 58 analogue. Further reduc- 
tion of this substance with 3a-hydroxysteroid dehydrogenase, 
however, produced a compound with the mobility of the more 
polar compound, androsterone, which is easily distinguishable 
from its 58 analogue. 

5. 11-Deoxycortisol (Compound S). A reducing material hav- 
ing the mobility of dihydro-s was produced by reduction of 
compound §. No authentic 5a-dihydro-compound s was avail- 
able. Consequently, the C-20,21 side chain of the product was 
removed by chromic acid oxidation (12) and a compound having 
the mobility of either 5a or 58 androstane-3 , 17-dione was formed. 
Reduction of this compound with 3a-hydroxysteroid dehydrogen- 
ase produced a substance with the mobility of androsterone, 
which has the 5a configuration. Thus, although allodihydro-s 
and allotetrahydro-s could not be identified, the analogous Cj, 
compounds were detected. 


DISCUSSION 


The evidence presented above strongly suggests that there are 
at least five A‘-3-ketosteroid reductases (5a), one for each of the 
substrates examined. The argument rests on four points. 
First, when rats are treated with thyroxine, the reductase activity 
for each steroid increases but the increment is different for each 
of five steroid substrates. Second, various procedures diminish 
the reductase activities but to different degrees for each steroid 
employed. 5a-Androstane-3,17-dione, a saturated 3-ketoster- 
oid, interferes with the metabolism of only some of the substrates, 
and those which are inhibited are again affected differently. 
Finally, the relative reductase activities for five steroids vary 
substantially from animal to animal. It seems unlikely that a 
single protein with the ability to catalyze the reduction of a 
number of substrates would respond in a manner consistent with 
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the foregoing observations. Conclusive proof that there are 
multiple steroid reductases must await solubilization and separa- 
tion of the enzymes from one another. This latter has been 
accomplished in the case of the cytoplasmic 58-steroid reductases 


where a cortisone reductase (58) has been separated from other 


activities which catalyze the reduction of closely related steroids 
(2). The soluble cortisone enzyme was unable to reduce any 
other steroid but cortisone. The number of the 58 enzymes, 
by analogy, lends support to the concept of a similar multiplicity 
of the 5a reductases. 

In the present case, evidence is presented that there are at 
least five such reductases but as only five substrates were used, 
and since the liver microsomes are able to catalyze the reduction 
of a great many more 4—5-unsaturated steroids than those com- 
pared here,? it seems quite likely that there are many more such 
enzymes. 

Recently Peterson (13) has studied the rates of steroid reduc- 
tion in humans with hepatic cirrhosis. He noted that the rate 
of reduction of hydrocortisone was diminished in these patients 
but that cortisone reduction proceeded at a normal rate. He has 
since tested a number of other 4—5-unsaturated steroids? and 
found that the reduction of none of them was affected. It 
would, therefore, appear that in human liver as measured in vivo 
the steroid reductases function independently. 

The reduction of a physiologically active 4-5-unsaturated 
3-ketosteroid to either its 5a or 58 reduced product usually 
results in loss of its characteristic biological activity, although 
there have been several recent reports to the effect that both 
5a- (14) and- 58- (15) reduced steroids have pharmacological, 
and perhaps physiological actions distinct from those of the 
unsaturated parent compounds. From the present work, it 
appears that for each steroid there are two reducing enzymes in 
the liver, one associated with the microsomal fraction of the cell 
which produces the 5a isomer, and a soluble enzyme which 
produces the 58 product. The apparent physiological role of 
these enzymes to inactivate steroid hormones cannot yet explain 
the necessity for separate reductases for separate steroids, or a 
particulate 5a@ and soluble 58 reductase for each individual sub- 
strate. 


SUMMARY 


1. In the microsomal fraction of rat liver there appear to be | 
at least five A‘-3-ketosteroid reductases (5a). 

2. Attempts to solubilize these enzymes have been unsuccess- 
ful. 
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The selective measurement of aldosterone in biological fluids 
has been handicapped by the lack of specific and sensitive assays. 
Bioassay methods (1-4) have been limited by the variation in- 
herent in animal response. Chemical methods (5-9) require 
extensive purification procedures to remove contaminants, and 
are therefore subject to variable recoveries of the steroid. Fur- 
thermore, the quantity of steroid isolated after purification may 
be too small to permit a reliable analysis, and in most instances 
the resulting purified aldosterone has been estimated by visual 
examination of soda fluorescent spots. A partial correction for 
loss has been provided by using a single tracer, but the method 
depends on a final chemical reaction that is relatively insensitive 
and may lack precision (10). The use of radioactive indicators 
in the analytical assay often makes possible a quantitative assay 
without a quantitative isolation of the compound of interest. 
Udenfriend et al. (11-15) developed isotope derivative assays for 
the determination of amino acids by means of their pipsy] deriva- 
tives, labeled with I!*! and S*®. One of the radioactive isotopes 
served as an indicator to provide for internal yield correction 
and final quantitation of the unknown. Double isotope deriva- 
tive methods have recently been developed for the measurement 
of adrenal steroids (16, 17) and these have been applied to the 
measurement of aldosterone (18). An internal correction for 
yield in each sample, and quantitation by radioactivity measure- 
ments allows for the assay of as little as 0.01 ug of aldosterone 
after an extensive purification process. ‘This report includes a 
detailed description of the method, assay results for human 
urine and dog adrenal vein plasma, and a critical evaluation of 
the specificity, precision, and accuracy of this technique. 


EXPERIMENTAL 


Reagents 

The following reagents were used: concentrated HCl, 0.1 n 
NaOH, and 0.1 M acetic acid. Dichloromethane was purified by 
passage through a bed of silica gel (average 100 mesh) ina7 X 
130 em column and collected in 3-liter portions. The solvent 
remains free of impurities for many months at room temperature. 
Anhydrous benzene, cyclohexane, and carbon tetrachloride were 
purified by passage through column of silica gel. Dioxane was 
reagent grade. Pyridine was refluxed over barium oxide for 4 
to 6 hours, and distilled in a fractionating column. The middle 
fraction boiling at 115° was collected and stored over CaCl, in a 


* Present address, Department of Medicine, United States 
Public Health Service Hospital, Baltimore, Maryland. 


desiccator. Acetic anhydride was refluxed over calcium carbide 
for 4 to 6 hours and distilled in a fractionating column. The 
middle fraction boiling at 139° was collected. Glacial acetic acid 
was refluxed with an excess of chromium trioxide for 4 to 6 hours. 
The chromate was decanted and the acetic acid distilled over 
fresh chromium trioxide with the use of a fractionating column. 
The middle fraction boiling at 118° was collected. Fresh chro- 
mium trioxide was added and the distillation repeated. 

0.5% Chromium Trioxide in Glacial Acetic Acid: Reagent 
grade chromium trioxide, 50 mg, was dissolved in 10 ml of re- 
distilled glacial acetic acid. This reagent keeps for 1 to 2 months 
only. It should be discarded if it shows appreciable darkening. 

Tritium-labeled Acetic Anhydride (New England Nuclear 
Company): One mmole of tritium-labeled acetic anhydride (400 
mc per mmole) was diluted with 2 or 3 mmoles of redistilled 
acetic anhydride. Anhydrous benzene was added to give a con- 
centration of acetic anhydride in benzene of 15 to 20% (volume 
per volume) and the solution stored in a small ground-glass 
stoppered tube within a closed container containing benzene over 
CaClz. In order to prevent hydrolysis of the acetic anhydride 
the tube was kept tightly stoppered and exposed to air as briefly 
as possible. 

Phosphor Solution: Four grams of 2,5-diphenyloxazole and 
0.04 g of 1,4-di-2(5 phenyloxazole) (Pilot Chemical Company, 
Waltham, Massachusetts) were dissolved in 1 liter of reagent 
grade toluene. 

Determination of Specific Activity of Tritium-labeled Acetic An- 
hydride—Dry cortisol, 0.5 mg, was dissolved in a mixture of 0.03 
ml of tritium-labeled acetic anhydride and 0.025 ml of anhydrous 
pyridine in a tightly stoppered tube. After 18 hours at 25°, 
0.5 ml of 25% ethanol in water was added to the reaction mix- 
ture. The cortisol acetate was extracted from the solution with 
5 volumes of dichloromethane. The ethanol-water phase was 
removed by aspiration. The dichloromethane was washed once 
with 0.5 ml of water. A small quantity of ethanol was added to 
the dichloromethane, and the solution evaporated to dryness in 
an air stream at 30 to 40°. The cortisol acetate was chromato- 
graphed on Whatman No. 1 paper on a thin line covering the 
width of the paper (18 X 55 cm) by descending chromatography 
for 18 to 20 hours in the solvent system containing cyclohexane, 
benzene, methanol, and water (4:3:4:1). The cortisol acetate 
was eluted from the paper with ethanol and rechromatographed 
for 18 to 20 hours (with ethanol-washed paper) in the solvent 
system, cyclohexane-dioxane-methanol-water (4:4:2:1). The 
acetate was eluted with redistilled ethanol (purified (19) suffi- 
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ciently so that the alcohol gave no significant absorption at 242 
my) and the solution brought to approximately 25 ml with re- 
distilled ethanol. The concentration of cortisol acetate in this 
eluate was determined by one or more of the following methods: 
(a) absorption in the ultraviolet in ethanol at 242 my (molar 
absorbancy index, 16,200 for the free alcohol) ;! (6) phenylhy- 
drazine reaction in sulfuric acid-ethanol (Porter-Silber) with 
recrystallized cortisol acetate (m.p. 225°) as reference standard 
(19); (c) fluorometric assay with sulfuric acid-ethanol with cor- 
tisol acetate as reference standard (21). The specific activity 
was determined by counting an aliquot of the eluate in the liquid 
scintillation spectrophotometer. The specific activity was ex- 
pressed in terms of c.p.m. per mumole at the higher voltage 
setting (see below). At the higher voltage tritium gave an effi- 
ciency of 20 to 23%. 

Preparation of Aldosterone Diacetate-C™ (18 ,21-diacetoxy-A‘- 
pregnene-11f-ol-3 ,20-dione)—Dry aldosterone, 1.0 mg, was ace- 
tylated by standing for 24 hours at 37° in a solution of 0.03 ml 
of acetic anhydride-1-C™ (1 to 5 mc per mmole) in benzene (15 
to 20%, volume per volume) plus 0.025 ml of anhydrous pyridine. 
After removal of acetic anhydride and pyridine by partitioning 
between aqueous alcohol and dichloromethane as described 
above, the aldosterone diacetate was chromatographed on What- 
man No. 1 paper in the first two systems described under pro- 
cedure (see below). After the second chromatography, the 
steroid was eluted from the paper with ethanol and sufficient 
ethanol added so that each milliliter of ethanol contained 8,000 
to 12,000 c.p.m., determined by counting a 0.05-ml aliquot in 
the liquid scintillation spectrometer set for the lower voltage (see 
below). Solutions of the diacetate remained stable for many 
months in the deep freeze. 


Procedure 


Preparation of Urine Samples—A 5- to 30-ml aliquot of fresh 
urine or urine preserved by freezing was pipetted into a glass 
stoppered graduated cylinder approximately ten times the aliquot 
volume. For each 10 ml of urine, 0.1 ml of concentrated HCl 
was added. The pH was adjusted to 1.0 with a pH meter by 
adding additional acid. The acidified urine was left at room 
temperature for 24 hours. 

Adrenal Vein Plasma?—Two to three milliliters of adrenal 
vein plasma were pipetted into a 25-ml glass stoppered graduated 
centrifuge tube. 

Extraction—A known quantity (6 or 7 volumes) of dichloro- 
methane was added to the urine or plasma, and the mixture vig- 
orously shaken for 15 to 20 seconds. The upper aqueous layer 
was discarded by aspiration. The dichloromethane extract was 
washed with ,4, volume of 0.1 N NaOH, the aqueous layer was 
discarded and the solvent washed with 4, volume of 0.1 M acetic 


1 Haines (20) reported a molar absorbance index of 15,800. In 
our laboratory recrystallized cortisol (m.p. 218°) gave a value of 
16,200. 

2 Samples of adrenal vein plasma were obtained by Drs. James 
O. Davis, Nicholas A. Yankpoulos, and William Tullner. The 
cannulation technique allows for uninterrupted blood flow be- 
tween collection periods. Usually, 10 ml of heparinized blood 
were collected from dogs and immediately centrifuged. The time 
required for collection of the sample, and the hematocrit were 
later used to calculate aldosterone output as wg per min per ad- 
renal gland. The plasma was preserved by freezing. Small 
volumes of human or rat adrenal vein plasma have been assayed 
with this technique. 
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acid. The solvent was washed with 4, volume of water and the 
aqueous layer discarded. 

The final volume of dichloromethane was recorded and the 
solvent evaporated to dryness. 

The residue was transferred with small volumes of ethanol and 
dichloromethane, to an “acetylation” tube (6.5-ml conical 
ground-glass stoppered tubes 13 mm diameter X 90 mm long, 
Kontes Glass Company, Vineland, New Jersey), and the extract 
dried in an air stream at 30 to 40°. Small amounts of ethanol 
were added to the tubes to rinse the walls and concentrate the 
extract in the tip. The tubes were placed in an evacuated des- 
iccator over CaCl. overnight, or in a vacuum oven at room tem- 
perature at a pressure of 1 to 10 mm of Hg for 1 to 2 hours. 

Acetylatton—Anhydrous pyridine (0.025 ml) and tritium-la- 
beled acetic anhydride (0.03 ml) were added to each tube, and 
the tubes stoppered very tightly. The pyridine and acetic an- 
hydride were measured from micro-volumetric pipettes stored in 
a desiccator over CaCl. until ready for use. The tubes were 
rotated manually to dissolve the residue, and the samples incu- 
bated for 24 hours at 37°. (It is important to use a constant 
temperature incubator with an even heat distribution.) After 
incubation a known amount of aldosterone diacetate-C™ (about 
1000 c.p.m. in 0.1 ml of ethanol) was added to each tube, followed 
by 0.5 ml of water and 5 ml of carbon tetrachloride. After ex- 
traction the solvent was washed with 0.5 ml of water and evap- 
orated to dryness. 


Chromatography 

It is recommended that each laboratory determine the migra- 
tion rates of the labeled aldosterone derivatives in relation to the 
listed reference standards, or other steroids that absorb in ultra- 
violet light. If plentiful quantities of aldosterone diacetate be- 
come available, this steroid may then be used as the reference 
marker. Modified Bush-type systems (22) have been used 
throughout for the paper chromatography.’ 

First Chromatography—The reference standard for aldosterone 
diacetate was A*‘-androstene-3,11,17-trione (adrenosterone). 
Adrenosterone, 30 wg, was added to each tube, and each sample 
chromatographed on a 1-inch line on Whatman No. 1 filter paper 
strips (18 X 55 cm) in the solvent system, cyclohexane-benzene- 
methanol-water (4:2:4:1). (No more than three spots should 
be applied to a single paper.) The paper was equilibrated for 
one or more hours at room temperature (25° + 1) and developed 
for 14 to 18 hours with the mobile phase. Adrenosterone and 
aldosterone diacetate migrate at the same rate (35 to 40 cm in 
16 hours). The adrenosterone was located with an ultraviolet 
light source (254 my). The small area of the paper containing 
the adrenosterone and aldosterone diacetate was cut out as nar- 
rowly as possible in the axis perpendicular to the running direc- 
tion of the solvent. The steroid was eluted from this paper strip 
with 5 ml of methanol in a test tube. After a few minutes the 
paper was removed with a wooden applicator stick and rinsed 
with a small amount of ethanol. The eluates were dried at 30 
to 40° in an air stream. 

Second Chromatography—The reference standard for aldoster- 
one diacetate was A‘-pregnene-17a-ol-3 , 11 ,20-trione (21-deoxy- 
cortisone). Fifteen micrograms of the reference standard were 
added to each tube and the samples chromatographed for 18 to 
20 hours in the system, cyclohexane-dioxane-methanol-water 


3A more detailed description of the paper chromatographic 


systems will be included in a forthcoming publication. 
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(4:4:2:1). (In the second and third chromatographies 4 sam- 
ples may be applied to each paper.) In 18 hours 21-deoxycor- 
tisone migrates 30 to 35 cm and aldosterone diacetate, 1 cm 
further. The area from the center of the reference standard 
spot to 1.0 cm ahead of its leading edge was cut out and eluted 
with methanol. The adrenosterone standard eluted from the 
first chromatography will be visible at 35 to 40cm. The eluates 
were collected in ‘‘oxidation” tubes (18-ml ground-glass stoppered 
round bottom tubes 21 mm diameter, 115 mm long, Kontes 
Glass Company) and dried at 30 to 40° in an air stream. 

Chromium Trioxide Oxidation—To the dried eluates from the 
second chromatography was added 0.1 ml of 0.5% chromium 
trioxide in glacial acetic acid. The tubes were rotated to let this 
solution wet all the residue, and left at room temperature for 5 
to 10 minutes. One milliliter of 20% ethanol in water and 10 
ml of dichloromethane were added to each tube, and the tubes 
shaken vigorously for 10 to 15 seconds. The aqueous layer was 
discarded and the solvent washed once with 1 ml of distilled 
water. The aqueous layer was discarded and the solvent dried 
at 30 to 40° in an air stream. 

Third Chromatography—tThe reference standard for the oxida- 
tion product was also 21-deoxycortisone. 

An additional 10 wg were added to each tube and the samples 
chromatographed for 16 to 18 hours in the system, cyclohexane- 
benzene-methanol-water (4:3:4:1). 

21-Deoxycortisone and the aldosterone oxidation product mi- 
grate at the same rate (25 to 35 cm). The 21-deoxycortisone 
area was eluted with methanol directly into counting vials 
(“Crystallite vials” of 5-dram capacity, Wheaton Glass Com- 
pany) and dried at 30 to 40° in an air stream. Phosphor reagent, 
5 ml, was added to the dry residue and the samples were assayed 
for tritium and C" in a Packard Tri-Carb liquid scintillation 
spectrometer with a two-channel pulse-height analyzer. The 
final recovery of the C'*-labeled indicator usually ranged between 
10 to 25%, with half of the loss occurring during the oxidation 
procedure. 

Tritium and Carbon Counting—It was necessary to use the 
“screening method” for double-label counting because of inade- 
quate instrument stability (17, 23). At the higher voltage a 
precision of +1.5% was obtained, but at the lower voltage a pre- 
cision of +3.5% may be maximal. Because of slight fluctuation 
in gain at the lower voltage setting, it may be desirable to correct 
all samples to a constant standard based on the number of counts 
per minute determined in a sealed C™ standard counted with 
each batch of unknowns. Some tritium counts may appear at 
the lower voltage setting (usually less than 1 per 10,000 c.p.m. 
tritium at the higher voltage). The correction factor may be 
obtained by counting a pure tritium sample of high activity at 
both voltage settings. The H*/C' count ratio at the upper 
voltage should be more than 1, and the sample-to-background 
ratio more than 5. 

Calculations—lIn the following calculations: 


ug steroid (aldosterone in “acetylation tube’’) 


(m — cr)C/e _ mol. wt. 
8 1000 


m = c¢.p.m. mixture H? + C' minus background (100 c.p.m.) 
at higher voltage (1400 volts with discriminators set at 10 
volts to infinity) 

¢ =c.p.m. C' minus background (3 c.p.m.) at lower voltage 
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(800 volts with discriminators set at 10 to 25 volts) minus 
tritium counts (based on estimated tritium counts at higher 
voltage) 
c.p.m. C4", higher voltage 
c.p.m. C', lower voltage 

C =c.p.m. C" tracer added, lower voltage 

S = specific activity steroid acetate (aldosterone diacetate), 
c.p.m. H*® per mumole, higher voltage. Mol. wt. = molec- 
ular weight free steroid. 


T = 


24-hr urine vol. 
vol. urine extracted 


= wg aldosterone/24-hr urine vol. 


vol. extraction solvent 


ug steroid (aldosterone) X 


100 
vol. plasma extracted 


= pg aldosterone/100 ml plasma 


RESULTS 


Human Urine—Urinary aldosterone levels were determined in 
normal subjects and in various patients. Twenty-six normal 
ambulatory subjects on an ad libitum sodium intake showed a 
mean excretion of 10.0 + 0.79 (s.e.) ug of aldosterone per 24 
hours, with a range of 5 to 19 ug. Values below normal or zero 
were obtained in patients with severe Addison’s disease, and in 
those after bilateral total adrenalectomy. Four patients with 
primary hyperaldosteronism showed levels of 24, 40, 50, and 80 
ug per 24 hours, while receiving a normal sodium intake. The 
patient showing an excretion of 80 wg per day on a 4-g sodium 
intake excreted 200 ug per day on a 200-mg sodium intake. The 
diagnosis was confirmed in all cases by the finding of a unilateral 
adrenal tumor at surgery. 

Dog Adrenal Vein Plasma—Aldosterone values for dog adrenal 
vein plasma are shown in Table I. Reproducible results were 
obtained with 2 to 3 ml of plasma. A simultaneous measure- 
ment of cortisol and corticosterone is possible, since these steroids 
are converted to the tritium-labeled C-21 monoacetates during 
the acetylation. The C-labeled acetate of authentic corti- 
costerone was added, as well as 20 ug of unlabeled corticosterone 


TABLE I 
Double isotope derivative assays of dog adrenal vein plasma steroids 
Three samples were obtained on each animal at 30-min inter- 
vals following adrenal vein cannulation. The second group of 6 
dogs had sodium retention and ascites, produced by prior applica- 
tion of a ligature to the thoracic portion of the inferior vena cava. 
Values for steroid output are calculated as wg per min for one ad- 
renal. 


Num- Corticosterone* Aldosteronet 
Status 
mals Mean + s.e. Range Mean + s.e. Range 
11 | Normal 2.4 + 0.321.0-4.80.025 + 0.005.0.008—-0.053 
6 | Vascular (2.4 + 0.281.6-3.20.121 + 0.013 0.077-0.160 
ligature 
Difference be- | Not significant Highly significant 
tween groups 


*t=0;p> 0.5. 
tt = 7.01; p < 0.001. 
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RATE OF APPEARANCE OF URINARY “ACID-RELEASED" ALDOSTERONE 


pH 1.0 
40 pH 1.0° 
pH 0.5 


=) 


PER CENT OF ADMINISTERED H>-ALDOSTERONE 


. 


J 
0 8 16 824 48 72 %6 


TIME (hours) 
Fic. 1. The effect of pH and time of incubation on the release 
of urinary aldosterone from its water soluble complex. * Con- 
tinuous extraction at pH 1.0. 


acetate to serve as a marker visible under ultraviolet light. This 
steroid was identified as a separate spot in the first chromatog- 
raphy, with a migration rate 0.9 that of aldosterone diacetate. 
Except for the time interval for development, the second and 
third chromatography systems were similar to those used for 
aldosterone. 

The range of aldosterone values was greater in normal animals 
than in those stimulated to produce increased amounts of al- 
dosterone (secondary hyperaldosteronism.) The same was true 
for urinary aldosterone levels in human beings. 


Evaluation of Assay Procedure 

Since the accuracy of this procedure depends on the quantita- 
tive recovery of the aldosterone through the initial steps preced- 
ing the addition of the aldosterone diacetate-C™, it was impor- 
tant to determine the recovery of the steroid through these 
preliminary steps. 

1. Pretreatment of Urine with Acid—Fig. 1 shows the effect of 
urinary pH and of time of incubation on the release of aldoster- 


TaBLeE II 
Effect of pH on stability of aldosterone in urine 
To each 5 ml of urine were added 35,000 c.p.m. aldosterone-H?, 


Hours of incubation at 25° 
pH 
8 16 24 48 
0.5 34,000 30,100 27 ,000 23 , 500 
1.0 35 , 500 34,000 33,000 31,800 
1.5 34,500 35 , 800 35,500 34,000 
3.0 34,500 35,400 35,500 35,100 
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one from its water-soluble complex. Tritium ring-labeled al. 
dosterone (50 we at 1.5 wc per wg)* prepared by the Wilzbach 
technique (24) was administered intravenously over 1 hour tog 
normal subject, and the 24-hour urine collected. Direct count. 
ing of the urine revealed that 75% of the administered radio. 
activity wasexcreted in 24 hours. The urine was extracted with 
dichloromethane for 24 hours at pH 6.5 in a continuous extractor 
(25) to remove free aldosterone. Less than 0.5% of the admin- 
istered steroid was recovered as “freely extractable” aldosterone. 
Aliquots of the extracted urine (100 ml) were adjusted to pH 
0.5, 1.0, 1.5, 2.0, and 3.0 and extracted immediately with 7 vol- 
umes of dichloromethane. Each of the urine aliquots was then 
incubated at 25° for varying periods of time; after each period of 
incubation the urines were re-extracted with dichloromethane 
and the extracts washed with alkali and acetic acid and evapo- 
rated to dryness. The residues were acetylated for 18 hours 
with equal parts (0.1 ml) of acetic anhydride and pyridine. A 
known quantity (c.p.m.) of aldosterone diacetate-C™ was added, 
and the acetic anhydride and pyridine removed by extraction 
with dichloromethane as described previously. The solvent wag 
evaporated to dryness. The urine residues were chromato- 
graphed successively on the first two chromatographic systems 
described above. The derivatives were eluted and the tritium 
and carbon content determined. The fractional recovery of the 
C" gave a measure of the recovery of the tritium-labeled aldoster- 
one during the chromatographic purification. At the lower urine 
pH the aldosterone was released more rapidly; however, exposure 
to pH 0.5 yielded a lower recovery and part of the aldosterone 
was undoubtedly destroyed. Continuous extraction of the urine 
at pH 1.0 for 24 hours failed to yield more aldosterone than that 
obtained by discontinuous extraction of the urine at pH 1.0. 

pH 1.0 incubation (25°) of 100 ml of urine from a patient with 
primary hyperaldosteronism maintained on a 200-mg sodium in- 
take yielded the following results. The values after zero, 1, 2, 
4, 8, 16, 24, 48, and 72 hours’ incubation, and repeat extraction 
of the same urine were 2.6, 4.0, 4.3, 6.0, 7.4, 9.0, 3.3, 6.4, and 
2.3 ug of aldosterone per liter (136 ug per day). The cumulative 
increments were 5.8, 14.6, 24.2, 37.4, 53.6, 73.4, 80.8, 94.8, and 
100%, respectively. Whereas pH 1.0 incubation for 24 hours 
released 80.8% of the urinary aldosterone, pH 1.5 incubation for 
24 hours released 53%. 

2. Effect of pH on Stability of Urine Aldosterone—Tritium- 
labeled aldosterone was added to 5-ml aliquots of urine. Because 
the labeled steroid had a high specific activity (1.5 ue per ug) it 
was possible to add it to the urine in concentrations comparable 
to levels of aldosterone found in the urine. Aliquots of the 
urine were adjusted to pH 0.5, 1.0, 1.5, and 3.0 and incubated 
at 25° for varying times. The urines were extracted after 8, 16, 
24, and 48 hours. The extracts were acetylated and treated as 
described above. The results of this study demonstrated that 
at pH 1.0 or higher only a small fraction of the added aldosterone 
was destroyed (Table IT). | 

Authentic (chromatographically pure) aldosterone, 1.0 ug, was 
added to 20-ml aliquots of a 24-hour collection of urine from a 
bilaterally totally adrenalectomized patient (urine aldosterone 


‘ The tritium-labeled aldosterone was prepared by exposure of 
1.5 mg of the C-21 monoacetate of aldosterone to 3 to 4 curies of 
carrier-free tritium gas at 27° and 0.39 atmosphere for 10 to 14 
days (New England Nuclear Corp.). The free alcohol of aldo- 


sterone was prepared and purified by the method similar to the 
one described previously (17). 
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zero). The urines were adjusted to pH 0.5, 1.0, and 1.5, and 
the samples incubated at 25° for 24 hours. One aliquot was in- 
cubated at pH 1.0 at 37° for 24 hours. At pH 1.5, 102% of the 
added aldosterone was recovered, whereas at pH 1.0 (25°), 1.0 
(37°), and 0.5, the recovery was 95, 38, and 60%, respectively. 
After 48 hours’ incubation at pH 1.0 (25°), 77% was recovered. 

Extraction of Aldosterone from Urine—Any loss of aldosterone 
during extraction from the sample or on evaporation and transfer 
of the solvent, could represent a source of error. These factors 
cannot be satisfactorily evaluated either by direct assays of urine 
or by the addition of small amounts of unlabeled aldosterone, 
since the measurement of the initial aldosterone content of the 
urine must be determined by the same method which is being 
evaluated. Tritium-labeled aldosterone (6800 c.p.m.) was added 
to each of 10 aliquots of normal urine. Five of the urine samples 
were acidified to pH 1.0 with hydrochloric acid, and five were not 
acidified (pH 6). Extraction was performed immediately. The 
dried extracts were acetylated and chromatographed as described 
above. At pH 6 the recoveries of aldosterone ranged from 99 to 
108%, and at pH 1 from 87 to 100%. 

Extraction and recovery studies were performed on four sam- 
ples of dog plasma after the addition of tritium-labeled aldoster- 
one. The yields after extraction with dichloromethane were 97, 
100, 100, and 102%. 7 

Acetylation of Dried Extract—Tritium-labeled aldosterone 
(15,000 c.p.m.) was added to each of several acetylation tubes 
and acetylated in the presence of varying amounts of urine ex- 
tract, varying concentrations of unlabeled acetic anhydride in 
benzene, and under differing conditions of time and of tempera- 
ture. Chromatographic purification was performed with al- 
dosterone diacetate-C™ as the companion tracer as described 
above. 

Acetylation was complete when specific requirements were 
satisfied. With urine aliquots from normal subjects equivalent 
to 0.02 of the daily urine volume, the concentration of acetic 
anhydride in the final reaction mixture of benzene, acetic an- 
hydride, and pyridine should be at least 7.5%. In the method 
described, the concentration of acetic anhydride is 10%. Under 
these conditions, acetylation was complete after 24 hours either 
at room temperature or at 37°; however, at 37° acetylation was 
complete in 16 hours. Up to 96 hours at either temperature, 
there was no evidence of a reversal of the acetylation reaction. 
A temperature of 37° may be preferable, since it effects more 
complete solution of the extract residue, and the acetylation 
proceeds more rapidly. The recovery of aldosterone was much 
reduced if more than ;4, of the 24-hour urine was used for acetyl- 
ation (Table III). A volume of +}, is recommended, since it 
contains sufficient aldosterone for assay of normal urines and 
can be processed conveniently. If a larger volume of urine 
(>z15) is extracted, more acetic anhydride, or the following 
purification should be used. The dried urinary dichloromethane 
extract is dissolved in a small volume of ethanol (1.5 ml). Water, 
5 ml, is added and this mixture extracted with 3 volumes of 
cyclohexane. The organic solvent is removed by aspiration, 
and the aqueous phase shaken with 7 volumes of dichlorometh- 
ane. The upper aqueous layer is removed by aspiration. (When 
aspirating the cyclohexane from the aqueous layer or the aqueous 
layer from the dichloromethane, care is taken to remove none of 
the heavier solvent layer. Recovery studies with tritium-labeled 
aldosterone have shown that the cyclohexane removed 0.4 to 
0.8% of the aldosterone, and 2.5 to 3.5% was lost to the aqueous 
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TABLE III 
Effect of size of urine aliquot extract on aldosterone assay 
Total 24-hour urine volume of 1200 ml from patient with cirrho- 
sis and ascites on 200-mg Na diet. All urine aliquots extracted 
with 6 volumes of dichloromethane. Extracts assayed by the 
routine method and, after purification, by solvent partition. 


(Aldosterone yg/day) Weight of extract (mg) 
Aliquot size 
Routine Partition Routine Partition 
0.10 50 170 15 4 
0.07 80 200 10 3 
0.05 110 210 7 2 
0.02 170 220 3 1 
0.01 220 200 
0.005 200 200 — —_— 
TABLE IV 


Recovery of aldosterone from human urine 


Each of the samples, corresponding to +45 of the total daily urine 
volume, was carried through the entire assay procedure. Samples 
(a), (b), and (d) were urines from a normal subject. Samples (a) 
were extracts previously acetylated with nonradioactive acetic 
anhydride before addition of aldosterone. Samples (c) were from 
a bilateral totally adrenalectomized patient. Samples (d) were 
purified by the solvent partition method before acetylation. To 
the urine samples (b), (c), and (d) the aldosterone was added 
before acidification to pH 1.0. 


Aldosterone added to urine aliquot 
Sample 
wg present* yug added ug assayed Recovery % 

(a) 0.96 0.97 101 
| 0.96 0.86 90 

(0.96 1.05 110 

(b) 0.12 1.12 1.01 90 
0.12 1.12 1.00 89 

0.12 1.12 0.96 86 

0.12 | 1.12 1.11 99 

(c) 0 a 1.13 101 
0 1.12 1.10 98 

0 1.12 0.96 86 

(d) 0.20 1.12 1.16 88 
0.20 1.12 1.20 91 

0.20 1.12 1.20 91 


* The aldosterone content of each sample was based on the mean 
value for three separate assays. 


alcohol phase.) The dichloromethane extract is then evaporated 
to dryness for acetylation. Table III shows a comparison of 
results obtained with the use of this purification technique and 
the routine procedure, and the effect of each on the weight of the 
extracts. 

Complete acetylation of aldosterone to the diacetate was ob- 
tained with up to 15 ml of extracts of dog adrenal vein plasma. 


Recovery Studies 


Recovery studies were done by adding a known amount of 
unlabeled aldosterone to various urines (Table IV). The stock 
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TABLE V 
Specificity of the purification procedure 
Isotope ratios were measured in successive chromatographies of 
aldosterone assay samples for human urine. The oxidation pro- 
cedure was carried out after the second chromatography. The 
fourth chromatography was carried out for 24 hours in the cyclo- 
hexane-dioxane-methanol-water (4:4:2:1) system with A‘-preg- 
nene-118,17a,21-triol-3 ,20-dione-2a-methyl (2-methyl cortisol) as 
the marker (25 to 30 cm in 24 hours). 


Isotope ratio: H#/C'4 in Samples 
tography | Area 
1 2 3 4 5 

First Entire spot | 9.13 26.3 105 361 1900 

Second | Entire spot | 4.07 2.38 | 3.70 | 45.0 | 19.1 

Third Entire spot | 3.35 2.12 | 0.44 2.76 | 5.11 
Upper 34 3.56 0.41 
Middle 4 3.12 0.40 
Lower 34 3.20 0.50 

Fourth | Entire spot | 3.35 — — 2.42 | 5.25 
Upper 3 3.42 — — 
Middle 4 3.30 — 
Lower 3 3.29 — — — — 


solution of chromatographically pure aldosterone in ethanol was 
assayed, both by measuring absorption in the ultraviolet at 240 
my (molar absorbancies 16,000) and by the double isotope dilu- 
tion derivative method (17) with the use of tritium-labeled al- 
dosterone and acetic anhydride-4-C™ (3 mc per mmole). Re- 
coveries ranged between 89 and 110%. When the recoveries 
were determined on urine samples, at pH 1.0, extracted immedi- 
ately after addition of the unlabeled aldosterone, they averaged 
105%. This higher recovery was undoubtedly due to the fact 
that no destruction of the aldosterone occurs when it has not 
been subjected to the high acid concentration for prolonged 
periods. A small amount of background tritium contamination 
remains after the third chromatography and may be included as 
aldosterone in the final assay.® 

Both recovery and reproducibility were investigated with 
pooled dog peripheral plasma. A stock solution of unlabeled 
aldosterone was added to the plasma. The final concentration 
in the plasma was measured by the double isotope dilution deriv- 
ative procedure and found to be 0.069 wg per ml. Repeated 
double isotope derivative assays were performed on aliquots of 
this plasma preserved by freezing, on different days and with 
five different lots of tritium-labeled acetic anhydride reagent. 
The mean of 16 measurements was 0.079 ug per ml, s.d. +0.011 
ug per ml. There was less variation when samples were assayed 
with one lot of reagent than when they were assayed with differ- 
ent lots. This was due most likely to small errors in the meas- 
urement of the specific activity of the acetic anhydride. 


5 In urines from bilateral totally adrenalectomized patients or 
normal urine extracts previously acetylated to remove free aldo- 
sterone, the background tritium radioactivity after the third 
chromatography ranged from 50 to 100 c.p.m. above background 
(5 ml phosphor only = 90 to 110 c.p.m.). For normal urines this 
represented less than 5% of the tritium counts (c.p.m.) in the 
labeled derivative of aldosterone. Extracts treated by the sol- 
vent partition procedure and four chromatographies of the deriv- 
ative gave 0 + 40 c.p.m. above background. 
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Specificity 

Oxidation Procedure—The chromic acid oxidation step was 
introduced to improve the selectivity of the assay by converting 
aldosterone diacetate to a more polar derivative with a very 
different chromatographic mobility. When a sample of tritiated 
aldosterone was acetylated with acetic anhydride-C™, and puri- 
fied, the ratio of tritium to C™ was found to be 14.6. After oxi- 
dation and purification, a ratio of 30.9 was obtained. This 
represented a ratio change of 2.1 compared to the predicted 2,0 
for the loss of one labeled acetate-C" group. In the third chro- 
matography system the oxidation product had a migration rate 
of 0.45 compared to that of the diacetate. It did not represent 
a simple C-18 monoacetate, since it could not be reacetylated 
to form the diacetate. The oxidation product may be the 11, 
18y-lactone, C-21 monoacetate of aldosterone (26). 

The importance of the oxidation procedure in purification of 
the urine extracts was evaluated by subjecting the aldosterone 
diacetate after the second chromatography to partial oxidation 
with chromic acid (l- to 2-minute incubation). In the final 
(third) chromatography two separate spots were isolated, cor- 
responding to aldosterone diacetate and the monoacetate oxida- 
tion product. The oxidation product values averaged 29% 
lower. This was attributed to the removal of contaminants 
labeled with tritium. 

Udenfriend (12) proposed that purity and specificity of the 
specimens to be assayed could be Judged by following the isotope 
ratios of the double labeled mixture of unknown and standard 
during purification, and by measurement of “survey isotope 
ratios” within the final chromatogram spot. Different areas in 
the final chromatogram spot should demonstrate similar isotope 
ratios, since the two radioactivity labels should be distributed 
homogeneously when only a single C™ and tritium-labeled sub- 
stance is present. For this purpose, five different specimens of 
human urine were studied. Aliquots were taken from the eluate 
of each chromatography and the ratio of H*/C™ determined, 
corresponding to the radioactivity of the Unknown/Standard. 
Contaminants would contribute to the tritium component of the 
radioactivity. Survey isotope ratios were found by eluting 
separately the upper, middle, and lower portions of the chroma- 
togram spot. The results appear in Table V. 

A marked decrease in the ratio was observed during purifica- 
tion due to the removal of tritium-labeled contaminants. The 
change in isotope ratio was less pronounced for urines with high 
aldosterone content (Samples 1 and 2) because a smaller aliquot 
of urine with relatively fewer contaminants was used. The 
chromatogram spots on the third and final chromatography 
showed satisfactory homogeneity for urines of normal or ele- 
vated aldosterone content. There was no significant change in 
isotope ratio when a fourth chromatography was carried out. 

Similar studies were performed with samples of dog adrenal 
vein plasma. The results in Table VI demonstrate that with 
some samples the ratio of H?/C™ was unchanged after the second 
chromatography. With other samples, however, the third chro- 


matography with or without the oxidation step was necessary 
to achieve satisfactory purity. 

Specificity may also be evaluated by comparing this method 
with the more selective double isotope dilution derivative method 
This was done with the use of tritium-labeled aldosterone, 
The dilution of this 


(17). 
which can be added directly to the urine. 
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labeled steroid by the aldosterone in the sample is found by 
measurement of its specific activity following extensive purifica- 
tion. The sample extract is first chromatographed for 12 to 14 
hours in a benzene-methanol-water (4:2:1) system with A‘- 
pregnene-lla, 17a-diol-3,20-dione (21-deoxycortisol) as the 
marker. (Both aldosterone and the marker migrate 30 to 35 cm 
in 12to 14 hours.) The total amount of aldosterone in the final 
sample can be determined by acetylating the partially purified 
mixture containing aldosterone with C'-acetic anhydride of 
known specific activity. This double isotope dilution derivative 
method is free of possible errors due to losses in the extraction 
or acetylation steps, and probably corrects nearly completely 
for losses during the pH 1 incubation. Comparison assays were 
performed for human urine, dog adrenal vein plasma, and a 
standard solution of aldosterone (Table VII). The data show 
good agreement between the two methods, and for the free al- 
dosterone as determined by measurement of ultraviolet light 
absorption in ethanol at 240 my. 


Precision 


The precision of the method is affected by nonpredictable 
errors in the preparatory steps before the internal standard al- 
dosterone diacetate-C™ is added to each sample, and by predict- 
able errors involved in the radioactivity counting of the mixture 
of C4 and tritium. 

The first source of nonpredictable error is in the acidification 
of urine samples. Data presented above indicate that the rou- 
tine 24-hour exposure to acid at a pH of 1.0 does not release all 
of the aldosterone, and that 5 to 10% of the aldosterone is de- 
stroyed at pH 1.0 at 25° for 24 hours. Adrenal vein plasma does 
not require acid treatment, and therefore these losses do not 
occur. The extraction loss is a second variable, and appears to 
be negligible if adequate quantities of the appropriate solvent 
are used. It should be noted that this method requires that the 
solvent extract volume be measured before and after the wash 
procedure, thereby avoiding losses which occur when an attempt 
is made to recover all of the initial extract. A third possible 
source of error is the acetylation, which must be quantitative. 
The data presented show that acetylation is at least 90 to 95% 
complete under controlled conditions. An adequate purification 
is a fourth important factor in the precision of the assay, and 
represents an essential feature of the method. Since all of these 
variables are possible sources of error, they should be evaluated 
from time to time, preferably by assay of aliquots from a stand- 
ardized pooled unknown. 

The predictable errors inherent in the method are based on the 
following formula from which each assay result is derived: 


Tritium-labeled unknown (ug/ml; wg/24 hr) 


C-4 added/C-™ found X tritium found 


ne X aliquot factors 
Specific activity Ac,OH; a 


The measurement of each of these terms has been described in 
“Experimental.” The errors for each term are additive when 
expressed in percentage error for the 95% confidence limits. 

1. C4 Added (C): Samples of the standard solution are meas- 
ured as c.p.m. at the high voltage setting, at which the error has 
been found to be +1.5%, and also counted at the lower voltage 
setting, or divided by a constant, r, to obtain the value for c.p.m. 
at the lower voltage. 


B. Kliman and R. E. Peterson 


1645 


TaBLe VI 


Isotope ratios in successive chromatographies of dog 
adrenal vein plasma samples 


The oxidation procedure was carried out after the second chro- 
matography. The figures in parentheses represent ratios deter- 
mined on eluates of chromatographed derivatives not subjected 
to oxidation. The unoxidized samples were rechromatographed 
in the lst system (3rd) and the 2nd system (4th) as described un- 
der Procedure. 


H?/C** ratios after each chromatography 
Samples 
1st 2nd 3rd 4th 
1 35.7 5.18 5.40 
2 37.4 6.58 6.28 
3 19.0 4.75 5.03 
4 17.6 6.77 6.62 
5 12.2 0.77 0.59 0.74 
6 35.7 5.80 5.15 5.00 
7 40.0 15.5 13.8 14.0 
8 20.0 5.32 5.45 5.60 
9 14.0 0.59 (0.44) 
10 13.3 0.64 (0.64) 
11 27.0 10.0 (9.55) (9.80) 
9.50 9.03 
12 20.2 7.30 (5.80) (5.85) 
5.55 5.75 
TaBLeE VII 


Comparison of assay results by the double isotope derivative method 
and the double isotope dilution derivative technique with 
tritium, ring-labeled aldosterone 


Double 
derivative 


Dilution 
derivative 


Aldosterone, ug/24 hr 


Human urine 
Normal adult, 200-mg Na diet...... 36 40 
9.5 11 
Hypophysectomy................... 3 4 
Cirrhosis, 200-mg Na diet........... 200 200 


Aldosterone, ug/ml 


Dog Adrenal Vein Plasma 


Standard authentic aldosterone 
(ug/ml) 
Absorption at 240 my (ethanol)..... 
Double derivative.................. 11.5 


2. C* Found (c): The C™ content of each unknown sample is 
measured at the low voltage, at which the error has been found 
found to be +3.5%. 

3. Specific Activity in c.p.m./ug (S XK 1000/mol. wt.): Radio- 
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GRAPH VALUES 
RATIO ERROR 


L 


N 


RATIO: TRITIUM/CARBON-1I4 


Oo 5 10 15 20 


TRITIUM COUNTING ERROR, PERCENT 


Fic. 2. The counting error in relation to the ratio of tritium 
to C'* counts. 


activity is measured at the high voltage with an error of +1.5%. 
The concentration of the cortisol monoacetate can be measured 
with an error of +2.0%, plus counting error equals total error 
of +3.5%. 

4. Aliquot Factors: Measurements of the aliquot volume and 
the initial and final volumes of the solvent extract provide a 
combined error of no more than +0.5%. 

5. Tritium Found (m — cr): The error in this term is a com- 
posite of errors due to the counting of the C™ alone (c), and of 
the C"4-tritium mixture (m). The ratio of tritium to C™ (R) 
also affects the counting error. When m, is the error for tritium 
alone, and cr, the error for C“ alone, counted at the higher voltage 
setting, the following equation can be derived: 


(R + 1)(m, + cr.) 
R(100) 


Error 


With m, known to be +1.5% and cr, known to be the same as 
c,, the error for C™ counted at low voltage, the probable error 
can be calculated in relation to the value for R (Fig. 2). A usual 
value for R would be 3:1, with a percentage error of +3.0. 

The sum of the predictable errors is +12% when the ratio of 
tritium to C™ (R) is 3:1. A very favorable R of 10:1 would 
reduce total error to +11%, and an unfavorable R of 1:1 would 
increase total error to +15%. The usual predictable error in 
this method should therefore fall within the range of +11 to 
15%. 

The actual precision of the method was determined by assays 
of three different urines that contained different concentrations 
of aldosterone. Six separate assays were carried out on each of 
three urines. Urines from a patient with cirrhosis maintained 
on a low salt diet, a normal subject, and a patient with Addison’s 
disease on ad liitum sodium intake yielded mean aldosterone 
values of 198+29 s.e., 12.5+1.7, and 1.15+1.0 wg per day, re- 
spectively. The urines that contained normal and increased 
levels of aldosterone gave essentially the same precision as pre- 
dicted— +13.6 and +14.5%, respectively. 
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Sensitivity 

In theory the great sensitivity of this method is limited only 
by the radioactivity of the labeled acetic anhydride. Commer. 
cial products are now available at a specific activity which would 
allow accurate measurement of 0.001 ug of aldosterone. With 
this very high specific activity acetic anhydride, however, suffi- 
cient tritium-labeled contaminants persist through the third 
chromatography to compromise the precision of the assay. The 
limit of sensitivity of the method will represent that amount of 
the derivative which has an activity at least five times the back- 
ground counts (higher voltage). The use of C'*-labeled acetic 
anhydride is not recommended for measurement of the unknown, 
because of its relatively low specific activity, and much higher 
cost. 


DISCUSSION 


The theoretical basis for isotope derivative assays was devel- 
oped by Udenfriend and his associates (11-15) with the use of 
the labeled pipsyl compounds for the analyses of amino acids, 
Bojesen (27) used the labeled pipsyl derivatives to assay for 
plasma cortisol. This method is disadvantageous because the 
comparatively short half-lives of the isotopes necessitate the 
frequent preparation of the p-iodobenzenesulfonyl chloride. 
Avivi et al. (28) attempted to use tritium and C-labeled acetate 
derivatives for assay of aldosterone. The experiment was the- 
oretically sound but failed because of (a) incomplete purification 
despite three column chromatographies, (6) low specific activity 
of the tritium tracer, and (c) the use of peripheral plasma which 
contains extremely small concentrations of aldosterone. The 
double isotope derivative procedure was investigated by Peter- 
son et al. (16-18) and developed as a general assay method for 
the acetylatable steroids. Because no selective, sensitive and 
quantitative chemical method of analysis for aldosterone was 
available, this procedure appeared to be of particular value for 
the measurement of trace amounts of aldosterone in mixtures of 
closely related compounds. The application of this method to 
aldosterone assays, reported herein, required the solution of 
several problems. Purification required the design of improved 
chromatography systems, as well as the use of an oxidation pro- 
cedure to alter the migration position of the steroid on paper 
chromatography. The labeled aldosterone diacetate-C™ indica- 
tor, corrected for losses, allowed for elution of smaller areas of 
the chromatogram spots, and served to locate the unknown when 
the paper was scanned with a radiation strip detector. Since 
unlabeled aldosterone was in short supply, it was necessary to 
add various unlabeled steroids as markers, visible under ultra- 
violet light. It was found that relatively small aliquots of hu- 
man urine and dog adrenal vein plasma contained sufficient 
aldosterone for assay. Other acetylatable steroids in the sam- 
ples can be assayed simultaneously with little additional effort, 
since they can be eluted from the first chromatogram as labeled 
acetate derivatives. 

Before the elucidation of the structure of aldosterone, biolog- 
ical tests were an appropriate means for assay of this steroid. 
Crude (1-4, 29) or partially purified (30-33) extracts of urine 
were administered to adrenalectomized rats or dogs and some 
function of sodium retention, potassium excretion, or both were 
used to estimate the aldosterone content of the extract. The 
few available statistical analyses of such data reveal 95% con- 
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fidence limits of 50 to 100% (1, 4). Because of poor recoveries, 
precision, sensitivity, and selectivity bioassay procedures are no 
longer widely used. 

Currently the chemical method devised by Neher and Wett- 
stein (5) has been the model for urinary aldosterone assays. 
The daily excretion values of aldosterone in normal subjects are 
higher as measured by the presently described method than those 
obtained with the bioassay methods or the Neher and Wettstein 
procedure, or its modifications (6-9, 34). The lowest value in 
9 normal subjects studied by the double isotope method was 
approximately the same as the mean values given by other work- 
ers (5-9, 34). In some instances (6, 8, 32, 33) part of this differ- 
ence could be due to the use of less than optimal conditions for 
release of the urinary aldosterone from its bound water-soluble 
form. Acidification of the urine to pH 1.0 for 24 hours at room 
temperature would appear to cause the least destruction of al- 
dosterone while releasing the greatest quantity. Part of the 
small additional amount of aldosterone released during a second 
24-hour incubation is destroyed, and thus there would appear to 
be no advantage in incubation of the urine for 48 hours (6, 9). 
A larger yield of aldosterone could of course be obtained by ex- 
traction of the urine after 24 hours, and again after 48 hours; 
however, perhaps this is not essential, since aldosterone is mainly 
present in the urine as a metabolite and the actual total may not 
yield further useful information. Aldosterone does not appear 
to be present in the urine as a conjugate with glucuronic acid 
(35).6 

Most workers have used chloroform or dichloromethane to 
extract the urine, and since these solvents have a very favorable 
partition coefficient (0.05) for aldosterone it is unlikely that in- 
complete extraction accounts for the lower values. Some in- 
vestigators have advocated the use of continuous extractors (9, 
33) or the Cohen (36) ‘‘extractor” (7, 9, 10); however, if adequate 
quantities of solvent are used, continuous extraction would not 
appear to increase the yield (Fig. 1, cf. (8)). 

The more likely explanation for thé lower urinary aldosterone 
values reported by other workers is incomplete recovery of the 
aldosterone through the various purification steps. With some 
methods recoveries of added aldosterone have been 20% (6, 29, 
32), whereas in others (5, 7-10) values of 70 to 80% have been 
reported. In the present method the mean recovery was 93.8%. 
In the only other method using an internal labeled indicator to 
correct for some of the losses of aldosterone through the purifica- 
tion procedures, an average recovery of 77% was reported (10). 
Also, with this latter isotope dilution procedure the urinary 
aldosterone values ranged from 4.6 to 23.5 with a mean of 11 
vg per day. These are comparable to the values found with the 
present method—5 to 19 wg per day with a mean of 10 wg per 
day. When evaluated by the use of an internal indicator added 
directly to the urine (double isotope dilution derivative assay) 
the present method was shown to have a high order of accuracy. 

It is difficult to compare the precision of this method to other 


* It is doubtful whether any further information can be gained 
by the analysis of any other single urinary metabolite of aldo- 
sterone, since the bound water-soluble metabolite of aldosterone 
released by incubation at pH 1 represents one of the largest 
single urinary metabolites of aldosterone (35). This is based on 
data obtained from an estimation of the amounts of free, acid- 
and glucuronidase-released radioactive compounds in the urine 
after the administration of tritium-labeled aldosterone to normal 
human subjects. 
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methods which lack internal standards for correction of unpre- 
dictable losses. Since the yields of aldosterone have shown great 
variation, as indicated by recoveries of added aldosterone, the 
chemical assay methods in current use would be expected to show 
great variation. Replicate assays by the chemical methods were 
reported to agree within +20 to 25% (5, 7, 9, 10), although esti- 
mations of the intensities of the blue tetrazolium and soda flu- 
orescence spots are also reported to agree to within +20% (5, 8). 
When a fluorometer was used to measure the soda fluorescence, 
a better precision was reported (37). With the present method, 
studies of the sources of error revealed a predicted error of +11 
to 15% for the 95% confidence limit. This implies that the 
majority of samples will have an error of less than +10%. In 
samples containing a normal or increased quantity of aldosterone, 
replicate assays yielded values of +13 to 14% for the 95% con- 
fidence limits. 

The sensitivity of the present method made possible the assay 
of aliquots of urine that contain less than 0.1 ug of aldosterone, 
and afforded quantitation of as little as 0.01 ug of the final puri- 
fied product. This required the use of less than one-tenth of the 
volume of urine needed for most methods in current use. 

There can of course be no unambiguous proof of the specificity 
of the described procedure. The constancy of the H?/C* ratios, 
however, makes it unlikely that impurities are present in the final 
separation product. Also, the finding of zero aldosterone values 
in some patients with Addison’s disease or after bilateral adrenal- 
ectomy, and comparable data obtained with the present method 
and the potentially more selective double isotope dilution deriva- 
tive method are further evidence for specificity. Chemical 
impurities do not interfere with the specificity of the method, 
and the solvents, paper, and glassware do not require extensive 
purification to remove contaminants other than C" or tritium. 


SUMMARY 


A double derivative labeling technique was used for the selec- 
tive measurement of aldosterone. Dried extracts of plasma or 
urine were acetylated with tritium-labeled acetic anhydride in 
benzene in the presence of pyridine to convert aldosterone quanti- 
tatively to the tritium-labeled diacetate. A measured amount 
of authentic aldosterone diacetate-C™ was added to each sample, 
and the double-labeled steroid identified and purified by paper 
chromatography. After two chromatographies, the samples 
were treated with 0.5% chromic acid in glacial acetic acid to 
form a monoacetate oxidation product, and this subjected to a 
final chromatography, to separate the aldosterone from other 
tritium-labeled materials. The tritium and C™ content of the 
purified steroid were assayed by radioactivity counting in a liquid 
scintillation spectrometer. The amount of aldosterone present 
in the original extract was calculated from the determination of 
the amount of C" indicator lost during the purification, the yield 
of tritium radioactivity, and the specific activity of the tritium- 
labeled acetic anhydride. An efficient assay may be done with 
5 to 30 ml of human urine, or 2 to 3 ml of dog adrenal vein plasma. 
This method will routinely determine 0.01 ug of aldosterone, and 
has the accuracy and precision characteristic of radioisotope 
techniques. The assay method has been applied to physiological 
studies in animals and humans (38-40). 
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The isolation of glutamic decarboxylase from bacteria has 
been attempted by Taylor and Gale (1), by Umbreit and Gun- 
salus (2), and by Najjar and Fisher (3). The latter workers 
purified the enzyme more than 8-fold from Escherichia coli 
11246. This communication describes procedures for bringing 
the enzyme to a higher state of purity than has been previously 
achieved and describes some properties of the purified enzyme. 


EXPERIMENTAL AND RESULTS 


Materials—Diethylaminoethyl cellulose (Type 20, Reagent 
grade) was obtained from the Brown Company. Monosodium 
glutamate and pyridoxal phosphate were purchased from Mann 
Research Laboratories, Inc., and Sigma Chemical Company, 
respectively. 

Methods—During purification of the enzyme, protein concen- 
trations were determined from measurements of absorbancy at 
280 mu and 260 mu with a Beckman model DU spectrophotom- 
eter according to the method of Warburg and Christian (4). 
Pyridoxal phosphate concentrations were determined from ab- 
sorbancy measurements at 388 mu, pH 7.0, by use of the value 
of the molar absorbancy index given by Peterson and Sober (5). 

Enzymatic activity was assayed by the rate of carbon dioxide 
evolution with conventional Warburg techniques. Measure- 
ments were made at 36° in 0.1 mM pyridine-pyridine hydrochloride 
buffer, pH 4.60, which was adjusted to a chloride concentra- 
tion of 0.1 mM with sodium chloride. The main chamber con- 
tained 3.0 ml of buffered substrate solution; after thermal equili- 
bration for 10 minutes, 0.2 ml of enzyme solution was tipped in 
from the side arm. The final substrate concentration was 0.01 
mM and the gas phase was air. Under these conditions gas evolu- 
tion continued at an essentially linear rate for several minutes. 
Specifie activity was defined as microliters of CO. evolved in 10 
minutes by 1 mg of protein. 

Growth of Cells, Preparation of Acetone Powder—Unless other- 
wise stated, all purification steps were performed at room tem- 
perature. E. coli, strain 26! was grown on a medium which con- 


* This investigation was supported by Grant No. B-906 from 
the National Institute of Neurological Diseases and Blindness 
and by Grant No. RG-2941 from the Division of Research Grants, 
National Institutes of Health, United States Public Health Serv- 
ice. 

+ Present address, Biochemical Laboratory, Nippon Medical 
School, Tokyo, Japan. 

t Present address, Department of Biochemistry, College of 
Medicine, University of Kentucky, Lexington, Kentucky. 

' Escherichia coli, strain 26, was a gift from Dr. Robert Wheat 
of this department. 


tained 0.25% ammonium sulfate, 0.59% KsHPO,, 0.2°%. yeast 
extract, 1.0% glucose (autoclaved separately and added asepti- 
cally), and 10 volume % tap water for 20 hours at room tem- 
perature under vigorous aeration. A 250-ml inoculum, prein- 
cubated in the same medium, was added to every 5 liters of 
medium. 

The cells were harvested with a Sharples centrifuge and sus- 
pended in an equal volume of distilled water. Nine volumes of 
acetone were added with stirring and the precipitate was col- 
lected by filtration with suction. Just before the filter cake 
dried out, it was washed with 1 volume of ether. Suction was 
continued for 5 to 10 minutes, and the precipitate was spread on 
large filter papers and dried in air for a few hours. One hun- 
dred grams (wet weight) of the cells vielded an average of 25 g 
of acetone powder. 

Preparation of Enzyme—A 5 to 7° suspension of acetone 
powder in distilled water was allowed to autolyze for 24 to 48 
hours at room temperature. The pH of the suspension was 
maintained in the range of 6.0 to 6.5 by periodic addition of 0.1 
nN NaOH. The cell debris was collected by centrifugation at 
16,300 X g for 30 minutes and was discarded. 

A 2% aqueous protamine sulfate solution was added slowly 
to the turbid brown water extract under mechanical stirring 
until 0.1 to 0.15 mg of protamine sulfate had been added for 
each mg of protein. The resulting heavy precipitate was re- 
moved by centrifugation. All centrifugations were carried out 
at 16,300 x g for 20 minutes at 4°. 

' The supernatant solution from the preceding step was brought 

to 26% saturation with ammonium sulfate by addition of the 
solid salt with mechanical stirring. The precipitate, collected 
by centrifugation, was discarded. The supernatant solution 
was brought to 70% saturation with ammonium sulfate by the 
same technique. The resulting precipitate was collected by 
centrifugation and dissolved in 2 ml of water from each gram 
of acetone powder used in the extraction step. Insoluble ma- 
terial was removed by centrifugation. 

The crude enzyme solution, diluted with water to 1° protein, 
was incubated at 36° for 1 hour. The precipitate which ap- 
peared was removed by centrifugation and the supernatant solu- 
tion was refractionated between 30 and 65% saturation with 
ammonium sulfate. The precipitate was collected and dissolved 
in water as before. 

The ammonium sulfate concentration in this solution was 
reduced by overnight dialysis with stirring at 4° against 1 liter 
of 0.1 ionic strength pyridine buffer used for activity determina- 
tions. The precipitate which appeared during dialysis was dis- 
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Fig. 1A. Elution diagram of 310 mg of crude glutamic decar- 
boxylase. Flow rate 12 to 13 ml per minute at 25°. B. Elution 
diagram for rechromatography of 108 mg of glutamic decarbox- 
ylase. Flow rate 10 to 11 ml per minute at 25°. For each chro- 
matogram 11-ml fractions were collected. Protein concentration 
was determined on each fraction. Activity determinations were 
performed on each fraction collected in the main peak of ac- 
tivity but at intervals of 3 to 10 fractions in the region in which 
no measurable activity was detected. 


TABLE I 


Summary of purification of glutamic decarboxylase from acetone 
powder of E. coli, strain 26* 


Fractionation step Vield 
pl CO2/10 
min| | mining | % 

Supernatant protamine 

Precipitate, 0.25 to 0.75 satu- 

rated ammonium sulfate...... 390 1,690 | 2,300 94 
Precipitate, 0.30 to 0.65 satu- 

rated ammonium sulfate...... 350 1,460 2,400 8&4 
Dialysis against pyridine and 

acetate buffers. .............. 280 640 | 4,400 68 

Chromatography................ 157 155 10,100 38 

Rechromatography............. 91 60 15,100 22 


* The values shown are for a 25-g portion of acetone powder. 
In the presence of 0.15 mg of pyridoxal phosphate per ml, a spe- 
cific activity of 17,800 was obtained. 


carded. Before estimation of protein concentration by ultra- 
violet absorption, the pyridine was removed by dialysis against 
0.04 mM acetate buffer, pH 4.4. 

After overnight dialysis at 4° against 0.05 m sodium phosphate 
buffer, pH 6.0, the enzyme solution was applied to a 2.2 « 25 
em column of DEAE-cellulose which had been equilibrated with 
the same buffer. The protein was eluted from the column with 
a linear gradient between 250 ml volumes of 0.05 m and 0.30 m 
sodium phosphate, pH 6.0. The effluent solution was collected 
in 10- to 12-ml fractions. A typical elution diagram is shown 
in Fig. 1A. 


Glutamic Acid Decarboxylase. I 


Vol. 235, No. 6 


Fractions which had a specific activity greater than 10,000 
were combined. The enzyme was precipitated by addition of 
solid ammonium sulfate to 60% saturation and redissolved in 
distilled water. At a concentration of 10 to 15 mg of protein 
per ml, the enzyme in this solution was stable for approximately 
1 month at 4°. At concentrations of the order of 0.1 mg per 
ml, the enzyme lost activity rapidly. The stability of the en- 
zyme is described in an accompanying paper (6). 

The enzyme was rechromatographed by the same technique 
with the exception that a linear gradient between 0.05 m and 
0.35 m sodium phosphate buffer, pH 6.5, was used. The elution 
diagram of the rechromatographed enzyme is shown in Fig. 1B. 
Fractions with an activity greater than 14,000 were combined 
and the enzyme was recovered by the method used after the 
initial chromatographic separation. Table I summarizes a 
typical purification procedure for the enzyme from 25 g of ace- 
tone powder of E. coli 26. 

The specific activity of the enzyme, after rechromatography, 
was usually in the range from 11,000 to 16,000. The addition 
of 0.15 mg of pyridoxal phosphate per ml increased the activity 
in each case to 17,000 to 18,000. Repeated chromatography 
or prolonged dialysis resulted in a decrease of activity even in 
the presence of added pyridoxal phosphate. 

Purity of Enzyme—Ultracentrifugal analyses of the purified 
enzyme were performed with a Spinco model E ultracentrifuge 
on samples which had been dialyzed against 0.1 ionic strength 
pyridine-pyridine hydrochloride-NaCl] buffer, pH 5.4, or 0.1 
ionic strength acetate buffer, pH 5.4. Typical sedimentation 
patterns, shown in Fig. 2, indicate that the sample contains 8% 
of material with a lower sedimentation rate than that of the 
main component. Sedimentation constants, calculated by the 
method previously used in this laboratory (7), were estimated 
at three concentrations of protein in each buffer. No effect of 
ionic environment on the sedimentation constant could be de- 
tected. Rectilinear extrapolation from these data by the 
method of least squares indicates that the sedimentation con- 
stant at zero protein concentration is 12.82 + 0.09 Svedberg 
unit and that the value of s2,,, decreases by 0.31 Svedberg unit 
for a 1% solution of the protein. 


Fic. 2. Sedimentation patterns of glutamic decarboxylase after 
approximately 32 minutes sedimentation at 25° at 56,100 r.p.m. 
The left hand pattern is for 1.00% enzyme in 0.1 m pyridine- 
pyridine hydrochloride buffer, pH 5.40, adjusted to 0.1 ionic 
strength with NaCl. The right hand pattern is for 0.73% en- 
zyme in 0.1 ionic strength acetate buffer, pH 5.40. In these 
photographs the meniscus is at the right hand edge of each pho- 
tograph. 
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Electrophoretic patterns, obtained by use of the apparatus 
supplied by Frank Pearson Associates, are shown in Fig. 3. 
These patterns also indicate that the preparation is still some- 
what heterogeneous. 

The diffusion constant was estimated at 1.1° in the same ap- 
paratus by use of Rayleigh interference fringes as described by 
Schachman (8). For a 0.49% solution of protein in pH 5.40 
pyridine-pyridine hydrochloride buffer, ionic strength 0.1, diffus- 
ing into the same buffer, the diffusion constant, corrected to 
water at 20°, was found to be 4.20 + 0.03 x 10-7 cm? per sec- 
ond. If it is assumed that the partial specific volume of the 
protein is 0.75, these values yield a molecular weight of 300,000 
for the enzyme. However, in view of the heterogeneity of the 
preparation and of the diminished stability of the enzyme in 
dilute solution at low temperatures, the estimation of molecular 
weight is probably less accurate than would be expected from 
the precision of the determinations of sedimentation and diffu- 
sion constants. 

Enzymatic Actwity—Saito (9) has reported that decarboxyla- 
tion of glutamic acid by a crude extract of E. coli is stimulated 
by chloride ion. In the course of experiments designed to estab- 
lish suitable assay conditions for the enzyme, this observation 
was confirmed. The order of diminishing effectiveness of vari- 
ous anions: chloride, bromide, iodide, sulfate, and phosphate 
was also confirmed. Experiments which were not repeated in 
detail with purified enzyme indicated that the effect of chloride 
upon the crude enzyme is to increase the maximum velocity of 
the reaction with no detectable change in the Michaelis constant 
for the substrate. In an experiment carried out with purified 
enzyme, activity measurements were made with 0.01 mM substrate 
in 0.1 M pyridine-pyridine phosphate buffer, pH 4.60, to which 
varying amounts of sodium chloride were added. Since the 
velocity increased from 33 to 40, 44, 50, and 55 wl of COs per 
5 minutes when the chloride concentration was increased from 
0 to 0.005, 0.025, 0.050, and 0.100 Mm, it appears that with the 
purified enzyme, as with crude enzyme, chloride activation is 
nonessential in character. 

During the course of the same experiments, it was observed 
that the velocity of the enzymatic reaction is lower in acetate 
buffers than in pyridine buffers. Investigation of this point, 
with crude enzyme preparations, indicated that the inhibitory 
action of acetate arises from competition with glutamate. 
When increasing concentrations of pH 4.60 acetate buffer were 
added to the pH 4.60 pyridine buffer used for routine assays, 
the rate of decarboxylation of 0.01 mM substrate by purified en- 
zyme was found to decrease from 79 ul of CO2 per 5 minutes in 
the absence of added acetate to 75, 72, 55, and 37 ul of CO: per 
5 minutes, in the presence of 0.031, 0.062, 0.156, and 0.312 m 
acetate. By use of the value of the Michaelis constant for 
glutamate which is given below, it was estimated from a plot 
of reciprocal initial reaction velocity against acetate concentra- 
tion that the value of K; for acetate is 0.2 m. 

The effect of added pyridoxal phosphate upon initial reaction 
velocity was tested by incubating the enzyme for 10 minutes 
with varying concentrations of pyridoxal phosphate in 0.05 m 
phosphate buffer, pH 6.0, before estimation of activity in the 
standard assay system. The velocity of the reaction increases 
with pyridoxal phosphate concentration up to a concentration, 
calculated after dilution by the components of the assay system, 
of approximately 3 x 10-5 mM. At this concentration of pyri- 
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Fig. 3. Descending electrophoresis patterns of approximately 
0.6% enzyme in pyridine-pyridine hydrochloride-NaCl buffers, 
ionic strength 0.1. Pattern A was recorded after passage of a 
25 ma current for 350 minutes at pH 4.80. Pattern B was re- 
corded after passage of the same current for 135 minutes at pH 
6.00. 


5 


AMl.COe per IO min. 


pH 
Fig. 4. A plot showing the variation of enzymatic activity with 
pH at 36°. Substrate concentration was 0.01 m for each de- 
termination. Glycine-glycine hydrochloride, 0.1 m, (@) and py- 
ridine-pyridine hydrochloride (©) buffers were adjusted to 0.1 
ionic strength with NaCl. 


doxal phosphate the reaction velocity is 25% greater than that 
observed in the absence of added pyridoxal phosphate. 

The variation of initial reaction velocity with initial substrate 
concentration was determined in the pH 4.60 pyridine buffer 
used for routine assays at a final enzyme concentration of 2.62 
ug per ml and at a final pyridoxal phosphate concentration of 
6.35 X 10-5 m. The range of substrate concentration varied 
from 0.003 m to 0.02 m. By use of a Lineweaver-Burk plot, 
the Michaelis constant was estimated to be 8.2 x 10-4 at pH 
4.60 at 36° and the maximal reaction velocity to be 23,400 moles 
per minute per 300,000 g of protein. 

The pH dependence of enzymatic activity was measured in 
0.1 m pyridine-pyridine hydrochloride and 0.1 m glycine-glycine 
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hydrochloride buffers. The total chloride content of each 

buffer was adjusted to 0.1 m with sodium chloride. As is shown 

in Fig. 4, the pH optimum occurs at approximately pH 3.8. 
Spectral properties of the enzyme are described in an accom- 


panying paper (10). 


DISCUSSION 


The highest specific activity of glutamic decarboxylase re- 
ported by Najjar and Fisher (3) corresponds to 3860 yu] of CO2 
per mg of protein per 10 minutes. The average specific activity 
of several samples of enzyme, prepared by the method described 
here, is 13,500 ul of CO2 per mg of protein per 10 minutes and 
in the presence of added pyridoxal phosphate the specific activ- 
ity is increased to 17,000 to 18,000. 

Gale (11) has reported the pH optimum for a cell-free prepa- 
ration of bacteria] glutamic decarboxylase to be at pH 4.5 and 
Najjar and Fisher (3) have found the optimum to be at pH 5.0. 
Michaelis constants have been reported as 2.7 X 10-2 m by Gale 
(11), 2.69 * 10-* m for an acetone powder suspension at pH 4.3 
by Roberts (12), and 4.5 * 10-3 m by Najjar and Fisher (3) 
for their preparation of the enzyme at pH 5.0. The values 
found in the present study for both pH optimum and Michaelis 
constant are somewhat lower than those reported previously. 
The larger values found for the Michaelis constant by other 
workers may have arisen from partial displacement of substrate 
from the enzyme surface by the acetate buffers used by these 
investigators. The higher pH optima reported by other workers 
could be accounted for by the assumption that it is acetic acid 
rather than acetate ion which is the form which competes with 
substrate. 

The present finding that enzymatic activity is increased by 
added pyridoxal phosphate is consistent with the evidence pre- 
viously presented by Umbreit and Gunsalus (2) and by Roberts 
and Frankel (13, 14) that pyridoxal phosphate is the coenzyme 
for glutamic decarboxylase. Since the enzyme retains activity 
even after two passages through an ion exchange column, it 
must be presumed that the binding of coenzyme to apoenzyme 
is very firm. 

It was considered possible that activation by chloride involved 
alterations in the state of aggregation or of folding of the en- 
zyme. Since experimentally identical sedimentation constants 
were found in pyridine-pyridine hydrochloride and in acetate 
buffers, this explanation seems improbable. Although the pres- 
ent evidence is consistent with the view that chloride increases 
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the concentration of active enzyme, it is clear that this point 
requires further study. 


SUMMARY 


An isolation procedure for glutamic decarboxylase from an 
acetone power of Escherichia colt, strain 26, has been described. 
From ultracentrifugal and electrophoretic analyses the prepara- 
tion appears to be approximately 90% homogeneous. The 
molecular weight, estimated from sedimentation velocity and 
diffusion measurements, is 300,000. The pH optimum is 338. 
The Michaelis constant for glutamate is 8.2 X 10-4 m in pyri- 
dine-pyridine hydrochloride buffer, pH 4.60 at 36°. The en- 
zyme is activated by pyridoxal phosphate and by chloride ion 
and is inhibited by acetate. 
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In an accompanying paper (1), a procedure for partial purifi- 
cation of glutamic decarboxylase from Escherichia coli, strain 26, 
has been reported. The purified enzyme solution was found 
to be yellow in acid solution, but colorless at neutral pH values. 
These properties are quite similar to those exhibited by several 
pyridoxal enzymes and by Schiff bases which are formed from 
pyridoxal phosphate and peptides and some proteins (2-7). The 
spectral properties of the purified glutamic decarboxylase are 
described in this communication. 


EXPERIMENTAL 


Methods and Materials—The glutamic decarboxylase used in 
this study was purified as described in the preceding paper (1). 
Monosodium glutamate was obtained from Mann Research 
Laboratories, Inc. Pyridoxal phosphate was supplied by the 
California Corporation for Biochemical Research and by the 
Sigma Chemical Company. ‘y-Aminobutyric acid was supplied 
by General Biochemicals, Inc. Other reagents and buffer salts 
were reagent grade materials. 

Spectral measurements were made with a Beckman model 
DU or DK-1 spectrophotometer. Fluorometric measurements 
were made with an Aminco Bowman recording spectrophoto- 
fluorometer (8) equipped with a water-jacketted cell compart- 
ment maintained at constant temperature by water circulated 
through it from a water bath regulated to 21.8° + 0.5°. Meas- 
urements of the rate of change of fluorescent emission were made 
by using a Moseley Time Base to provide a linear input to the 
X-axis of the recorder. Measurements of pH were made with a 
Beckman model G pH meter. 


RESULTS 


pH Dependence of Enzyme Spectrum—The spectra of the en- 
zyme at various pH values are shown in Fig. 1. A pH change 
from 6.5 to 5 is accompanied by an increase in absorbancy at 
415 to 420 my and by a diminution in absorbancy at 340 mu. 
An isosbestic point occurs at 360 mu. 

Since the spectra observed at pH 5.1 and at pH 4.5 are ex- 
perimentally identical, it is presumed that the structure which 
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gives rise to the spectral changes is wholly protonated at pH 5.1. 
The spectrum of the completely unprotonated form could not 
be measured directly because other spectral changes, suggestive 
of those which are observed in strongly alkaline solution, begin 
to appear at pH 7.0. 

The rapid change of absorbancy with pH suggests that the 
number of dissociable groups responsible for the spectral change 
is greater than one. In an attempt to approximate the pH de- 
pendence of the spectral changes shown in Fig. 1, the differences 
between absorbancies measured at various pH values and at 
pH 5.1, expressed as positive numbers, were measured at 340 
mu and at 415 mu. If it is assumed that multiple dissociations 
are characterized by a single apparent dissociation constant, it 
follows that: 


(H*)*A@ = K*(Aamax — Aa) (1) 


where n is the apparent number of dissociable groups, K is the 
apparent dissociation constant, Aa is the measured absorbancy 
difference, and Aamax is the difference in absorbancy between 
the wholly protonated and the wholly unprotonated forms of 
the absorbing structure. Since K,n, and Aamax are all unknown, 
plots of (H+)* Aa against Aa were constructed for various inte- 
gral values of n. An essentially linear plot resulted when n was 
set equal to 4. The negative slope of this line indicated that 
the apparent dissociation constant corresponds to a pK’ value 
of 5.61. The value of Aamax at each wave length was calculated 
from the intercept on the axis of ordinates. The fit of the curve 
calculated from these constants to the measured absorbancy 
changes is shown in Fig. 2. 

When the enzyme solution is made 0.1 m with respect to so- 
dium hydroxide, the solution rapidly becomes turbid. The 
solution was allowed to stand at room temperature for 3 hours 
and was clarified by centrifugation. The spectrum of the 
supernatant solution between 300 and 450 my is characterized 
by a single maximum at 388 mu. This maximum is identical 
with that shown by pyridoxal phosphate in 0.1 m NaOH (9). A 
solution of enzyme containing 2.5 mg per ml gave rise to an 
absorbancy value at 388 my of 0.120. The value given by 
Peterson and Sober (9) for the molar absorbancy index of pyri- 
doxal phosphate in 0.1 m NaOH, 6600, can be used to calculate 
that 1 mole of pyridoxal phosphate was released by 138,000 g 
of enzyme. Since the molecular weight of the enzyme has been 
estimated to be 300,000 (1), it can be concluded that at least 2 
moles of coenzyme are bound by 1 mole of apoenzyme. 

Effect of Carbonyl Reagents—In 0.12 m phosphate buffer, pH 
6.50, the enzyme exhibits a single maximum at 335 mu. The 
addition of sodium bisulfite to a final concentration of 6.8 x 
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Fic. 1. Spectra of purified glutamic decarboxylase at various 
pH values, indicated on the face of the figure. Enzyme con- 
centration, 3.39 mg per ml. Spectra were measured in 0.15 Mm 
acetate (O——O) and in 0.15 m phosphate (A——A) buffers. 


FRACTION OF MAXIMAL 
ABSORBANCY CHANGE 


| 
5.5 6 6.5 7 
PH 

Fic. 2. Plot of fraction of maximal absorbancy change at 340 
my (O) and at 415 mu (A) against pH. A value of 0.185 was 
used for the maximal absorbancy change at 340 my and 0.233 
for the maximal absorbancy change at 415 my. The curve was 
calculated by use of the relations: K‘*/(H*+)* = (A‘*-)/(H,A) 
= m and m/(1 + m) = Aa/Aamax where K is the intrinsic 
' dissociation constant, A*~ and H,A are the completely ionized 
and completely protonated forms of the absorbing structure. 
Aa is the difference in absorbancy between that observed at 
a given pH value and that observed at pH 4.5 and Aamax is the 
maximal absorbancy difference observed for the wholly ionized 
form. 


10-* m causes the absorbancy at this wave length to increase by 
about 10% with no other alteration in the spectrum. The re- 
sulting spectrum resembles that observed by Blakley (10) for 
free pyridoxal phosphate in the presence of bisulfite. 

In contrast, the spectrum of the enzyme in the presence of 
hydroxylamine does not resemble the spectrum of the oxime of 
pyridoxal phosphate which is reported by Matsuo and Greenberg 
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(11) to have a single absorption maximum at 330 mu. Fig. 3 
shows the spectral changes resulting from the addition of hy- 
droxylamine to the enzyme. The final concentrations were 2.70 
mg of enzyme per ml, 3.3 X 10-4 mM hydroxylamine in 0.127 
phosphate buffer, pH 6.35. Curve I is the spectrum of the en- 
zyme alone, diluted to final volume by the addition of water. 
Curve II was recorded immediately after the addition of hy- 
droxylamine and Curves III through VI were recorded at 5-min- 
ute intervals. No further spectral change could be observed 
after 20 minutes. A similar experiment in which enzyme was 
replaced with 6.8 10-5 m pyridoxal phosphate indicated that 
the reaction with free pyridoxal phosphate went to completion 
within 5 minutes. 

Interaction with Glutamate—In the presence of substrate, a 
spectral change was observed at pH 4.6 but was not found at pH 
6.0. These results are consistent with the observed range of pH 
within which the enzyme is active (1). The changes of absorb- 
ancy at pH 4.6 at 330 my and at 420 muy, recorded separately by 
a Beckman model DK-1 spectrophotometer, are shown in Fig. 
4. The addition of glutamate to the enzyme solution results 
in a reduction of absorbancy at 420 my and in an increase at 330 
mu. As shown in the figure, the changes in absorbancy were 
reversed with time. The only alteration in the effects observed 
after several additions of glutamate could be assigned to dilu- 
tion of the enzyme. 

Recently, Sizer et al. (3, 4) have reported that the spectrum 
of glutamic-aspartic transaminase is changed in the presence of 
substrates and dicarboxylic acids which act as inhibitors. In 
the case of glutamic decarboxylase, additions of y-aminobutyric 
acid and of a-ketoglutarate were tested but no optical change 
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Fic. 3. Spectra recorded during the reaction of purified glu- 
tamic decarboxylase with hydroxylamine in 0.127 m phosphate 
buffer, pH 6.35 at 25°. Curve J is for a solution containing 2.70 
mg of enzyme per ml. Curve II was recorded as soon as pos- 
sible after addition of hydroxylamine to a final concentration 
of 3.3 X 10-4 m to the same concentration of enzyme. Curves 


III through VI were recorded 5, 10, 15, and 20 minutes after 
the addition of hydroxylamine. 
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was observed. However, the addition of glutamate in the pres- 
ence of a-ketoglutarate, which is an inhibitor of the enzyme (12), 
resulted in a decrease in the magnitude of the absorbancy change 
and an extension of the time required for the system to revert 
to its original absorbancy value. 

The great sensitivity of fluorimetry as compared to absorption 
spectrophotometry for the detection of several reactions involv- 
ing coenzymes has been emphasized by Theorell (13). In the 
present case, too, fluorimetry has proved to be more sensitive 
than absorbancy measurements for the measurement of the in- 
teraction of glutamic decarboxylase with glutamate. The fluo- 
rescence emission spectra of the enzyme at pH 4.60 and 5.95 are 
shown in Fig. 5. The wave lengths of maximal activation were 
found to be identical with the wave lengths of maximal absorp- 
tion, 335 mu and 420 mp. The emission maxima occur at 380 
mu when 335 mu light is used for activation and at 490 my when 
the activation wave length is 420 my. The changes in the in- 
tensity of the emission spectra with pH clearly parallel the 
changes in absorbancy as a function of pH. 

As shown in Fig. 6, the addition of glutamate to the enzyme 
solution at pH 4.6 results in quenching of emission at 490 mu 
and augmentation of emission at 380 mu. These changes in 
intensity of emission, like the changes in absorbancy in the pres- 
ence of glutamate, are reversed with time. Addition of further 
increments of substrate enables these effects to be observed 
repeatedly. The addition of larger amounts of glutamate results 
in only slightly greater effects on the intensity of the fluorescence 
emission spectrum but the time required for reversal of these 
effects is prolonged. 

As was also observed in the case of absorbancy measurements, 
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Fic. 4. Changes occurring in the spectrum of purified glu- 
tamic decarboxylase at 420 my and at 330 my when substrate 
is added. Glutamate solution, 0.01 ml, 0.3 mM, adjusted to pH 
4.6 with HCl, was added at the arrows to 1.00 ml of a solution 
of enzyme containing 3.27 mg of protein per ml in pH 4.6 py- 
ridine-pyridine hydrochloride-NaCl buffer. The recording was 
made with a Beckman DK-1 spectrophotometer. The blank solu- 
tion was identical with the test solution except that enzyme 
was omitted. 
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Fic. 5. Fluorescence emission spectra of solutions of purified 
glutamic decarboxylase at two pH values. The dotted lines 
are emission spectra resulting from activation by 335 my light 
and the solid lines are emission spectra resulting from activa- 
tion by 420 my light. The fluorescence of the buffer has been 
subtracted. Buffers used were 0.1 M in pyridine-pyridine hy- 
drochloride and were adjusted to 0.1 ionic strength with NaCl. 
Enzyme concentration was 0.126 mg per ml. 


no change in the fluorescence emission spectrum resulted from 
the addition of substrate at pH 6.0. Further, addition of 0.01 


Mm and 0.02 m y-aminobutyrate alone had no effect upon the 


emission spectrum, but, when added with glutamate, diminished 
the magnitude of the changes in the emission spectrum and pro- 
longed the time required for reversal of the spectral effects. 
The effects of y-aminobutyrate were increased at the higher of 
the two concentrations used. Since similar effects could also be 
shown with a-ketoglutarate and with acetate, y-aminobutyrate 
appears to act by competition with the carboxyl group of the 
substrate for a binding site on the enzyme surface rather than by 
interference in the reaction of substrate with pyridoxal phos- 
phate. 
Although the pyridine buffer used in these measurements has 
a measurable quenching effect, which presumably arises from 
its absorption of activating radiation, the fluorescence emission 
is still sufficiently intense that much smaller concentrations of 
enzyme are required than for absorbancy measurements. 


DISCUSSION 


Although the spectrum of the enzyme in the presence of bisul- 
fite can be accounted for on the assumption that pyridoxal phos- 
phate is released from the apoenzyme when it reacts with this 
reagent, the spectra shown in Fig. 3 are clearly not identical with 
that exhibited by the oxime of pyridoxal phosphate. It seems 
probable that these spectra represent the formation of the oxime 
of enzyme-bound pyridoxal phosphate. A similar spectrum was 
observed by Matsuo and Greenberg (11) when hydroxylamine 
was allowed to react with homoserine desaminase. 

It has been indicated in the preceding paper in this series (1) 
that glutamic decarboxylase is active between pH 3.0 and pH 


6 
y- 
(0) 
M 
as 
at 
a 
| 
D 
e 
d 
of 
n 
ic 
re 
e 
0 
28 


1656 Glutamic Acid Decarboxylase. II 


6.0 


O 


| 


100 


RECORDER DEFLECTION IN INCHES 


6.0 L | | | 
2O 40 80 lOO 
TIME IN SECONDS 


Fic. 6. Changes in intensity of fluorescent emission of glu- 
tamic decarboxylase accompanying addition of substrate. At 
zero time on each tracing 0.01 ml of 0.3 m glutamate, adjusted 
to pH 4.6 with HCl, was added to 1.00 ml of enzyme solution 
(0.200 mg per ml) in pyridine-pyridine hydrochloride-NaCl buffer, 
pH 4.60. Curve A is a record of intensity emission at 490 mu. 
Activating light was of wave length 420 mz. Curve B records 
changes in intensity at 380 mu. The activation wave length 
was 335 my. The dashed lines represent the position of the 
recorder pen before the addition of glutamate. 


5.0. Since, as shown in Fig. 1, the spectrum at pH 4.5 is identi- 
cal with that at pH 5.1, it appears that the active form of the 
enzyme is characterized by an absorption maximum at 415 mu. 
The diminished enzymatic activity at pH values greater than 5 
appears to result from the conversion of the enzyme to the form 
having an absorption maximum at 340 mu. 

The changes in the absorption spectrum of the enzyme as a 
function of pH resemble the changes observed with glutamic- 
aspartic transaminase (4), phosphorylase b (2) and the Schiff 
bases formed between pyridoxal and amino acids and between 
pyridoxal phosphate and peptides and proteins (5, 6). Metzler 
(7) has concluded that the absorption maximum in the region of 
415 my arises from the formation of Schiff bases in which the 
hydrogen of the phenolic hydroxyl of pyridoxal is hydrogen 
bonded to the imino nitrogen of the Schiff base. 

Since the spectra shown in Fig. 1 exhibit an isosbestic point 
and since, as shown in Fig. 2, the variation of absorption at 340 
my with hydrogen ion concentration is the reciprocal of the 
variation at 415 my, it seems probable that the structure which 
absorbs at 340 muy is the conjugate base arising from acidic dis- 
sociation of the structure which absorbs at 415 mu. 

Edsall and Wyman (14) have pointed out that slopes as steep 
as that shown in the titration curve of Fig. 2 can arise only if 
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there is cooperative interaction between the dissociating groups, 
Since the value found for the apparent pK of the groups respon- 
sible for the spectral changes, 5.6, approximates the value of 5.9 
assigned by Metzler (7) to the pyridinium ion of the imine of 
pyridoxal, it is probable that this is one of the groups involved. 
In view of the large number of possible interactions between the 
apoenzyme and pyridoxal phosphate and of the uncertainties in 
the data, further speculation on the nature of the groups involved 
does not seem to be justified. 

The structure responsible for absorption at 340 my has not 
been clearly established. Metzler (7) has suggested that the 
340 my absorption results from loss of conjugation of the imine 
bond with the pyridine ring by the addition of water across the 
imine bond to form a carbinolamine. A similar view has been 
adopted by Kent et al. (2) who consider that, in the case of phos- 
phorylase b, a group on the enzyme surface adds across this bond. 
On the other hand, Jenkins and Sizer (3) have suggested that 
absorption in this region of the spectrum arises from formation 
of a dipolar aldimine in which the chelate ring is not stabilized 
by dissociation of the pyridinium ion. Christensen (5) supports 
this view on the ground that the infrared spectrum of salts of 
Schiff bases of pyridoxal phosphate indicates that these com- 
pounds have a double bond in conjugation with the ring. 

Although the spectral data shown in Fig. 1 are consistent with 
a proton-dependent conversion of the 415 my form to the 340 
my form, the tracings shown in Fig. 6 indicate that the very sim- 
ilar spectral changes which result from the addition of glutamate 
to the enzyme solution do not arise from a single reaction. Since 
quenching of fluorescent emission at 490 muy is virtually instan- 
taneous whereas augmentation of emission at 380 my requires 
several seconds to reach a maximum, it appears probable that 
different reactions account for the spectral changes. 

If the view of Metzler (7) concerning the origin of absorption 
at 415 my is accepted, it seems probable that diminution of 
absorption at this wave length and of fluorescent emission at 
490 my in the presence of glutamate results from disruption of 
the hydrogen-bonded chelate ring formed between apoenzyme 
and coenzyme by glutamate. Presumably the chelate ring is 
displaced by formation of a Schiff base between substrate and 
enzyme-bound pyridoxal phosphate. Since ‘y-aminobutyrate 
does not give rise to quenching of emission at 490 my, it is prob- 
able that displacement of the apoenzyme-pyridoxal phosphate 
chelate ring depends strongly upon the attraction of the a-car- 
boxylate ion of glutamate to a cationic group on the enzyme 
surface. Since the structures proposed by Metzler et al. (15) 
for the reactive intermediate in pyridoxal-amino acid-metal ion 
complexes also require an a-carboxyl group, it is presumed that 
the active intermediate in the decarboxylation of glutamic acid 
has a similar structure with the exception that the metal ion is 
replaced by cationic groups on the enzyme surface. 

The reversal of quenching of 490 my emission, shown in Fig. 
6, presumably arises from exhaustion of substrate. Since the 
concentration of glutamate added was of the order of 3000 times 
the enzyme concentration, each molecule of enzyme must have 
reacted with many molecules of substrate before reversal of 
quenching occurred. If this argument is correct, it is highly 
unlikely that the structure responsible for the slow augmentation 
of emission at 380 my is directly involved in the enzymatic reac- 
tion. It is also improbable that the 380 my emission arises from 
accumulation of y-aminobutyrate since the addition of y-amino- 
butyrate would then be expected to increase the rate of aug- 
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mentation of emission at 380 my and to increase the maximum 
intensity of this emission. It has been observed that the rate 
of appearance and the maximum intehsity of the 380 mu emis- 
sion are both diminished in the presence of added y-aminobu- 
tyrate. 

An alternate view, which seems to account for the phenome- 
non, is that the 380 my emission results from the accumulation 
and subsequent disappearance of the free aldehyde form of en- 
zyme-bound pyridoxal phosphate. It is visualized that, after 
decarboxylation of glutamate, the Schiff base between enzyme- 
bound pyridoxal phsophate and y-aminobutyrate is hydrolyzed. 
The free aldehyde form of pyridoxal phosphate is presumably 
able to react with substrate, but reforms the hydrogen-bonded 
chelate ring rather slowly. As substrate is consumed in the re- 
action, the free aldehyde form of pyridoxal phosphate accumu- 
lates and is then reconverted to the chelate structure. 


SUMMARY 


The spectrum of purified glutamic decarboxylase has been 
investigated as a function of pH. It is concluded that several 
protons are involved in the changes observed in the absorption 
spectra and that the form of the enzyme which absorbs at 415 
mu is the active form of the enzyme. 

The reaction of the enzyme with carbonyl reagents has been 
investigated by spectral measurements. | 

It has been observed that the addition of glutamate to the 
enzyme, in the pH range in which the enzyme is active, results 
in a diminution of absorbancy at 415 my and an increase at 330 
mu. These changes are reversed with time. Changes in the 


fluorescence emission spectra, when the enzyme is activated by 
330 mu or 415 my light, are consistent with the absorbancy 
changes observed upon the addition of glutamate, but provide 
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a much more sensitive means of detecting the spectral changes. 
The possible meanings of these observations have been discussed. 
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The isolation procedures (1) and spectral properties (2) of 
glutamic decarboxylase have been reported in the previous papers 
in this series. In the course of these studies it was observed 
that the enzyme is an unusual protein in the sense that in dilute 
solutions it is less stable at low temperatures than it is at room 
temperature. This paper describes experiments undertaken in 
an effort to elucidate the mechanism of the low temperature 
inactivation of the enzyme. 


EXPERIMENTAL 


Materials—The enzyme was prepared by the method described 
previously (1). Pyridoxal-P and p-chloromercuribenzoate were 
Sigma products, EDTA! was supplied by the Bersworth Chemical 
Company, glycine was a Merck product, and bovine serum al- 
bumin was obtained from the Armour Laboratories. Buffers 
were made from reagent grade salts. For this study distilled 
water was further freed of ionic impurities by passage through a 
mixed column of anion and cation exchange resins. 

Methods—The assay for enzymatic activity and the pH and 
protein determinations were those described in an accompany- 
ing paper (1). Mercaptide formation between the enzyme and 
mercuribenzoate was followed by measuring the increase in ab- 
sorbancy at 250 mu with a Beckman model DU spectrophotom- 
eter according to the method of Boyer (3). 


RESULTS 


Fig. 1 shows the results of a typical experiment in which two 
portions of an enzyme stock solution in 0.1 m phosphate buffer, 
pH 6.50, were diluted 100-fold with water at 0° and at 25° toa 
final protein concentration of 0.066 mg per ml. The diluted 
solutions were kept at 0° and 25°. At intervals aliquots were 
withdrawn for assay of enzymatic activity. Although the result 
shown in Fig. 1 was not quantitatively reproducible in different 
experiments performed over a period of several months, the order 
of magnitude of the effect was always the same. Since identical 
results were found when the experiment was carried out in glass 
and in polyethylene tubes, the effect does not seem to result 
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from adsorption of the enzyme at the interface between solution 
and vessel wall. 

The results shown in Fig. 1 suggest that an equilibrium is es- 
tablished between active and inactive enzyme at 0°. Support 
is given to this conclusion by the observation that when a dilute 
solution is kept at 0° for a 4-hour period, warmed to 25° for a 
10-minute period, recooled to 0°, and again rewarmed to 25°, 
the activity of the enzyme is the same at the end of the second 
cycle of cooling and warming as at the end of the first cycle. 

The work of Metzler et al. (4) has raised the possibility that 
a metallic ion is involved in the active center of pyridoxal en- 
zymes. An experiment was designed to test whether the ob- 
served inactivation at 0° results from dissociation of the coen- 
zyme, of a metallic ion or from simple dilution to low ionic 
strength. Volumes of 0.01 ml of an enzyme solution containing 
8.8 mg of protein per ml in 0.1 m phosphate buffer, pH 6.50, were 
diluted with the solutions shown in Column I of Table I and the 
diluted solutions were maintained at 0° or 25°. After 1 hour 
the solutions listed in Column II of the table were added and the 
enzymatic activity was assayed. 

The results shown in Table I indicate that pyridoxal-P has a 
strong protective effect on the enzymatic activity at both 0° and 
25° and that a considerable restoration of activity is effected by 
the addition of pyridoxal-P before assay. Experiments which 
are not shown in detail have indicated that restoration of activ- 
ity is independent of the sequence of addition of pyridoxal-P 
and of warming from 0° to 25°. EDTA, on the other hand, has 
no effect upon enzymatic activity. 

Although it might be concluded from the first two lines of 
Table I that the smaller loss of activity in the presence of buffer 
salts results from the smaller dilution by the buffer solution, 
this conclusion is not borne out by Lines 5 and 6 which ger 2 
that this difference in degree of dilution is without effect. e 
protective effect of buffer must, therefore, arise from the higher 
ionic strength or from stabilization of hydrogen ion concentra- 
tion. 

The effect of ionic strength was tested by allowing dilute en- 
zyme (0.05 mg per ml) to stand for 1 hour at 0° or 25° in pH 6.50 
phosphate buffers of varying ionic strength. At the end of this 
period, activity determinations were made on aliquots of each 
solution. The results of this experiment are shown in Table II. 
Although a significant effect is observed only at an ionic strength 
of 0.5 for solutions kept at 25°, it appears that there is an ap- 
proximately linear effect of ionic strength upon enzymatic activ- 
ity for solutions kept at 0°. 

The effect of pH was tested by diluting an enzyme solution 
(8.8 mg of protein per ml in 0.1 m phosphate, pH 6.50) 200 times 
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with 0.075 m buffers. The results, summarized in Table III, 
indicate that the stability at 0°, relative to that at 25°, is least 
in the region of neutrality. Stability is independent of temper- 
ature at pH 4.8 and at pH 7.5 and at 25° is so low that the effect 
of temperature upon stability is diminished. The difference in 
activity between enzyme incubated for 1 hour at pH 4.8 in ace- 
tate and pyridine buffers must be ascribed to a specific effect of 
acetate on the inactivation process since dilution of the enzyme 
solutions during the assay reduces the buffer concentration to a 
level at which the effect of acetate as a competitive inhibitor 
would be negligible (1). 

Partial replacement of phosphate by chloride at a constant 
ionic strength of 0.13 at pH 6.5 has no effect on the stability of 
the enzyme at 0° or at 25°. It follows that the activating effect 
of chloride (1) does not arise from stabilization of the enzyme by 
this ion. 

The effects of other solutes on the stability of the enzyme are 
summarized in Table IV. In the presence of glycine and ethanol, 
the stability appears to be related to the dielectric constant of 
the medium. ‘The striking stabilizing effect of bovine serum 
albumin, however, must arise from another source because, at 
the concentration used, bovine serum albumin has a negligible 
effect upon dielectric constant (5). It was also observed that 
in the presence of bovine serum albumin and pyridoxal-P dilute 
enzyme solutions could be stored at 0° or 25° for 20 hours with- 
out loss of activity. 

As shown in Table I, the addition of pyridoxal-P to enzyme 
solution after exposure to 0° results in only partial restoration 
of activity. This suggests that low temperature inactivation is 
accompanied by structural changes in the enzyme. This hy- 
pothesis was tested by measuring the reactivity of p-chloromer- 
curibenzoate with enzyme which had been exposed to 0° and 
25°. Two aliquots of a solution containing 0.505 mg of protein 
per ml in 0.1 m phosphate buffer, pH 6.5, were kept at 0° and 
at 25° for a 4-hour period. Each solution was then diluted at 
25° by the addition of the mercurial in the same buffer to final 
concentrations of 0.260 mg of protein per ml and 2.17 x 10-5 
M mercuribenzoate. Absorbancy measurements, made at 25°, 
are shown in Fig. 2. Preliminary measurements of the increase 
in absorbancy at 250 my in the presence of limiting concentra- 
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Fic. 1. Stability of enzymatic activity at 0° and at 25°. The 
activity at zero time of the enzyme diluted at 25° was taken 


as 100%. 
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TABLE I 
Effects of buffer, pyridoxal phosphate, and ethylenediamine 
tetraacetate upon inactivation of enzyme in dilute solution 
at 0° and at 25° 


Initial activity* 
remaining after 1 
Initial dilution made Addition after 1 hour at 
with hour 
0° 25° 
% % 
2.0 ml water........... None 30 52 
1.5 ml buffer........... 0.5 ml water 36 62 
1.5 ml buffer + 0.5 ml 
pyridoxal-P.......... None 85 95 
1.5 ml buffer........... 0.5 ml pyridoxal-P 77 92 
1.5 ml buffer + 0.5 ml | 
1.5 ml buffer........... 0.5 ml EDTA 46 60 
1.0 ml buffer + 0.5 ml 
0.5 ml pyridoxal-P 77 91 


* Calculated on the basis that the activity of the enzyme in the 
presence of pyridoxal phosphate at zero time is 100%. The buffer 
used was 0.1 m phosphate, pH 6.50. Aqueous solutions of pyri- 
doxal-P and of EDTA were used. The concentrations were 1 mg 
per ml and 4 X 10-* M, respectively. 


TaBLeE II 


Effect of tonic strength on inactivation of glutamic decarbozrylase 
tn dilute solution 


CO: produced per 10 minutes after 1 hour at 
Ionic strength 

0° 25° 

pl pl 

0.05 78 98 

0.10 84 92 

0.25 89 96 

0.50 110 113 

TaBLeE III 
Effect of pH on inactivation of glutamic decarborylase in dilute 
solution 
Relative activity* remaining 
after 1 hour at 
Buffer 

0° 25° 
% % 
480. ...... 49 49 
Pyridine-pyridine-HCl, pH 4.80....... 63 60 
Phosphate, pH 6.00................... 41 59 
Phosphate, pH 6.50................... 39 61 
Phosphate, pH 7.50................... 32 43 


* Calculated on the basis that the activity of the enzyme at 
zero time in the presence of pyridoxal-P is 100%. This basis of 
calculation was chosen for ease of comparison with Table I. 


tions of the mercurial indicated the molar absorbancy index for 
the mercaptide to be 7.4 X 10% cm per mole per liter. 

On the assumption that the reaction of all sulfhydryl groups 
with mercuribenzoate is characterized by the same second order 
rate constant, curve-fitting procedures were used to estimate the 
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TABLE IV 


Effects of glycine, bovine serum albumin, and ethanol upon enzyme 
inactivation at 0° and at 25° 


Relative residual activity*® 
after 1 hour at 
Solvent 

0° 25° 

% % 
Buffer + pyridoxal-P................... 90 100 
Buffer + glycine + pyridoxal-P........ 101 113 
Buffer + albumin + pyridoxal-P....... 128 131 


* Calculated on the basis that the activity in the presence of 
pyridoxal-P at zero time is 100%. The enzyme concentration in 
each solution was 0.0438 mg perm]. The buffer was 0.075 m phos- 
phate, pH 6.0. Other substances added were dissolved in the 
same buffer. The final concentrations of pyridoxal-P, glycine, 
bovine serum albumin, and ethanol were 0.25 mg per ml, 1.0 M, 
0.1%, and 1.0 , respectively. 
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INCREASE IN ABSORBANCY AT 250 mu 
O 
| 


0.02 


| L 
50100 150200 250 300 
TIME IN MINUTES 
Fic. 2. Rate of mercaptide formation with p-chloromercuri- 
benzoate, measured by increase of absorbancy at 250 my, at 
25° with solutions maintained for 4 hours at 0° (A) and at 25° 
(©) before the addition of p-chloromercuribenzoate. Details of 
this experiment are given in the text. The lines are calculated 
second order reaction curves with the constant given in the 
text. 


rate constant to be 18.8 liters per mole-second. The limiting 
concentration of mercaptide formed in the solution exposed to a 
temperature of 25° was estimated to be 1.34 & 10-5 m and that 
in the solution exposed to 0° was estimated to be 1.75 x 10-5 m. 
The lines shown in Fig. 2 were calculated by use of these values. 

A further indication that exposure to low temperatures lib- 
erates additional sulfhydryl groups is provided by the experi- 
ment shown in Fig. 3. In this experiment, solutions containing 
0.284 mg of enzyme per ml and 2.65 X 10-5 m with respect to 
mercuribenzoate in 0.1 m phosphate buffer, pH 6.50, were main- 


Glutamic Acid Decarborylase. III 


tained at 0° and 25° for approximately 4 hours. Absorbancy 
changes at 250 my in the solution kept at 25° are shown in Curve 
I of Fig. 3. At the end of this period, the solution was cooled to 
0° for 1 hour, rewarmed to 25°, and measurement of absorbancy 
was resumed. 

At the end of the initial 4-hour period, the solution maintained 
at 0° was brought to 25° and absorbancy changes were recorded 
(Curve II, Fig. 3). The slow reaction with the mercurial during 
the first 4-hour period presumably reflects the low velocity of 
mercaptide formation at 0°. 

At the conclusion of the experiment, aliquots were removed 
from each solution for assay of enzymatic activity. The activ- 
ities found for Curves I and II were 24 and 13%, respectively, 
of the activity at zero time. Ifa linear relation between loss of 
activity and extent of reaction with p-chloromercuribenzoate is 
assumed, these results are reasonably consistent in predicting 
that enzymatic reactivity disappears when absorbancy at 250 
my has increased by 0.182. This increase in absorbancy cor- 
responds to 26 moles of mercaptide per mole (300,000 g) of en- 


zyme. 
DISCUSSION 


The finding that the enzyme is activated by the addition of 
pyridoxal-P indicates that some apoenzyme is present in the 
preparations used. The implication of this observation is that 
the apoenzyme is stable at 25°. 

The observation that enzymatic activity is reduced after 
cooling to 0° but can be largely restored by the addition of pyri- 
doxal-P suggests that the coenzyme dissociates at 0° but fails to 
reassociate with the apoenzyme when the solution is warmed to 
25°. A hypothesis which is consistent with this observation is 
that after pyridoxal-P has dissociated from the enzyme at 0°, an 


if if if | 

S0.14- J 
ite) 
a r 
> 
© 
2 008+ 
§ 

004+ 

0.02 


TIME IN HOURS 


Fic. 3. Rate of mercaptide formation, measured by increase 
of absorbancy at 250 my, for solutions of glutamic decarboxylase 
maintained at different temperatures. For each curve the dashed 
portions represent time at 0° and the solid lines time at 25°. 
Details are given in the text. 
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equilibrium is established between native apoenzyme and re- 
versibly denatured apoenzyme. In the presence of high concen- 
trations of pyridoxal-P native enzyme is reformed, but at the 
levels of pyridoxal-P concentration which result from disso- 
ciation of the coenzyme from apoenzyme, the probability of 
reaction between that fraction of the apoenzyme which is in the 
native configuration and coenzyme is small. This argument as- 
sumes the configuration of the native enzyme to be stabilized by 
combination with pyridoxal-P. The finding that glutamic de- 
carboxylase exhibits increased reactivity with mercuribenzoate 
after cooling is in accord with the view that a change in confor- 
mation of the protein accompanies dissociation of pyridoxal-P. 
It is possible that in the case of glutamic-aspartic transaminase, 
the low rate of activation of apoenzyme by pyridoxal-P (6, 7) 
could involve a modification of the conformation of the protein 
as the rate-limiting step. 

The findings that media of high ionic strength and of high 
dielectric constant have a protective effect upon enzymatic ac- 
tivity at 0° suggest that loss of activity results from the interac- 
tion of electrostatic forces on the enzyme surface. The limited 
range of pH within which temperature has an influence upon 
stability of the enzyme suggests that the critical electrostatic 
interaction depends upon the state of ionization of a single type 
of dissociable group. 

Since the striking enhancement and protection of enzymatic 
activity by serum albumin cannot be assigned to an alteration 
inthe dielectric constant of the medium, it presumably arises from 
complex formation between the two proteins. The present re- 
sults serve only to reiterate the familiar protective effect of serum 
albumin upon enzymes. 
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SUMMARY 


Dilute solutions of purified glutamic decarboxylase have been 
observed to lose activity more rapidly at 0° than at 25°. The 
difference in stability of enzymatic activity at 0° and at 25° can 
be demonstrated only in the pH region of neutrality. The loss 
of activity at 0° is decreased or prevented in solutions of high 
ionic strength or-high dielectric constant or by the addition of 
bovine serum albumin or pyridoxal phosphate. Enzyme which 
has been exposed to 0° reacts more extensively with p-chloro- 
mercuribenzoate than does enzyme which has been maintained 
at 25°. The mechanistic implications of these observations have 
been considered. 


Acknowledgment—One of us (R. 8S.) is indebted to Dr. Philip 
Handler for providing financial support during the period in 
which this work was carried out. 
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The products of the metabolism of 5-hydroxytryptamine are of 
interest not only because of their possible physiological impor- 
tance but also because of their pathological potentialities. Al- 
though the oxidation of the ethylamine portion of the molecule 
has been extensively investigated (1) only suggestions have been 
made concerning oxidation of the indole nucleus: Dalgliesh (2) 
has proposed that 5-hydroxytryptamine may be metabolized to a 
substance of enhanced physiological activity, e.g. 5,6- or 4,5-di- 
hydroxytryptamine; and Udenfriend et al. (1) have suggested 
that melanin-like pigments may be derived from tryptophan by 
way of a 5,6-dihydroxyindole. MclIsaac and Page (3) have 
found in the urine of rabbits and rats given radioactive 5-hy- 
droxytryptamine a minor metabolite, provisionally identified as 
an oxidation product and diagrammatically represented as an 
o-dihydroxytryptamine; apparently the same compound, referred 
to only as a hydroxyindole, was found in liver tumor tissue and 
in the urine of a patient who had the carcinoid syndrome asso- 
ciated with a malignant bronchial adenoma (4). 

As a part of a general investigation of the properties of 5-hy- 
droxytryptamine related to its histochemistry (5) and its partic- 
ipation in some pathologic processes (6) we have studied the 
oxidation products formed from this substance by a serum en- 
zyme, by molecular oxygen, and by silver ion. The latter was 
used because it readily oxidizes 5-hydroxytryptamine histochem- 
ically. The following is a report of our studies of the oxidation 
products formed by the two inorganic reagents, and includes the 
isolation and partial characterization of a dimer of 5-hydroxy- 
tryptamine identical in chromatographic mobility and color re- 
actions with one of the products observed in the oxidation of 
5-hydroxytryptamine by the action of a human serum oxidase 


(7).1 
MATERIALS AND METHODS 


The 5-hydroxytryptamine used in this work was in the form of 
the creatinine -H.SO,-H.O complex.? 
Descending, overnight, one-dimensiona] chromatography on 


* Supported in part by a grant from the United States Public 
Health Service (H-3174). 

1A detailed report of the work referred to is in preparation. 

2 Part of material used was obtained from Abbott Laboratories, 
North Chicago, Illinois, through the courtesy of Dr. Kenneth 
Hamlin; the rest was purchased from the California Foundation 
for Biochemical Research. 


Whatman No. 1 paper was used for routine analyses. A mixture 
of n-butanol, acetic acid, and water (25:6:25, upper layer), 
among several solvents tried, gave the best definition and resolu- 
tion of the compounds under investigation, and all Ry values 
reported herein are referred to this solvent system. 

Of reagents used to identify constituent groups of the sub- 
stances on the air-dried paper strips, the most useful were: for 
indoles, 0.5% p-dimethylaminobenzaldehyde in acetone-concen- 
trated HCl (9:1); for reducing substances, 0.2 m AgNO; treated 
with excess NH,OH and back-titrated with AgNO; to opales- 
cence; for phenolic compounds, n-butanol extract of diazotized 
sulfanilamide followed by 5% Na2COs (8); and, for the side-chain 
amine, 0.2% ninhydrin in acetone-acetic acid (9:1), followed by 
heating at 100—110° for 3 minutes and observation in both visible 
and ultraviolet light (9). Also used were, presumptively for the 
catechol configuration, 5% ethylenediamine adjusted to pH 10.5 
with HCl, followed by heating at 50° for 20 minutes and obser- 
vation in ultraviolet light (10); and, for the detection of creati- 
nine contributed by the starting material, 1.3% picric acid in 95% 
ethanol mixed with 0.2 volume of 10% NaOH. 

Qualitative tests for fluorescence were made with a Burton 
long wave length ultraviolet lamp. 


EXPERIMENTAL 


Preliminary Experiments—Oxidation of 5-hydroxytryptamine 
by molecular oxygen was studied at various pH values in the 
range 6 to 9 for periods of time ranging from 1 hour to 4 days at 
37°. The initial substrate concentration was varied from 0.003 
to 0.01 m; the buffer was 0.1 or 0.2 m phosphate. In some in- 
stances oxygen from a cylinder was bubbled through the solution 
momentarily at the beginning of the reaction and again at a later 
stage of the reaction. When cupric ion was used as a catalyst, 
it was added in the form of CuSO,-5H.O, the final concentration 
being 30 to 80 uo. 

Oxidation of 5-hydroxytryptamine under these conditions led 
to a browning of the reaction mixture, accelerated by increasing 
alkalinity or a trace of cupric ion, with eventual formation of a 
dark brown pigment that gradually precipitated from solution 
and remained at the origin on chromatographic analysis. The 
pigment dissolved readily in 1 m NaOH, forming a clear brown 
solution that was decolorized by the addition of 0.5 volume of 
30% HO. Several indolic products were observed chromato- 
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graphically between the origin and the location of the unchanged _ 


5-hydroxytryptamine; these were apparently identical with the 
products formed by the action of AgNOs, and will be discussed 
in more detail below. 

Oxidation by AgNO; was studied at various pH values in the 
range 5.0 to 8.5 for periods of time ranging from 5 minutes to 5 
hours at room temperature or at 37°. The initial substrate con- 
centration was varied from 0.006 to 0.025m. Ordinarily an equi- 
molar concentration of AgNO; was used; occasionally, a 2- or 
4-fold excess. The usual buffer for the AgNO; oxidations was 
0.05 M acetate; 0.1 mM borate was used at the higher pH values. 
The reactions were terminated by the addition of an amount of 
0.5 M HCl equivalent to the AgNO; initially present. 

With AgNO; as oxidizing agent, color development was par- 
tially obscured by the formation of reduced silver; after centrif- 
ugation the supernatant portions of the reaction mixtures were 
various shades of yellow or brown, depending on the extent of 
the reaction. Below pH 5.5 no significant reaction occurred. At 
pH 8 and above, especially with an excess of AgNOs, the reaction 
proceeded too rapidly to the pigment for convenient study; 
therefore, most of the reactions were confined to the pH interval 
6.0 to 6.5, with equimolar concentrations of reactants. 

In Table I the R» values and color reactions of the several 
oxidation products appearing between 5-hydroxytryptamine and 
the insoluble pigment are presented. The R, values varied ap- 
proximately +10% about the indicated values, being influenced 
by the composition of the sample and the temperature (ambient) 
of the chromatographic chamber. The reaction products, with 
one exception, gave the same color reactions as did 5-hydroxy- 
tryptamine. The component of Rr 0.35, which regularly ap- 
peared in the reaction mixtures and gave the most intense color 
reactions of all the components with p-dimethylaminobenzalde- 
hyde, ammoniacal AgNOs, and ninhydrin, differed clearly from 
5-hydroxytryptamine and the other components in its reactions 
with diazotized sulfanilamide and ethylenediamine. 

In certain instances additional components, of R r 0.05 to 0.25, 
were observed, but they were invariably associated with the pres- 
ence of sulfate, nitrate, phosphate, or chloride in the samples 
being analyzed, and may not have been additional reaction prod- 
ucts but salts of the more rapidly moving substances. 

The component of Rs 0.32 was observed only in concentrated 
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reaction mixtures. Although not clearly resolved from the com- 
ponent of Rp 0.35, it could be distinguished by its reactions with 
diazotized sulfanilamide and ethylene diamine (Table 1). It 
could be further distinguished, provided the sample was sufhi- 
ciently concentrated, as a faint brown band on chromatograms 
before treatment with the color reagents. Concentrated, in- 
tensely colored preparations also gave faint, diffuse color reac- 
tions (with p-dimethylaminobenzaldehyde, diazotized sulfanila- 
mide, and ninhydrin) emanating from the zone of application of 
the sample to the chromatographic strip. 

Isolation of “Ry 0.35 Oxidation Product’—The component of 
Rr 0.35 appeared to us to represent a possible intermediate in 
the oxidation of 5-hydroxytryptamine to pigment, and to have 
sufficient stability to permit isolation and characterization. Iso- 
lation of this substance as a picrate was ultimately achieved in 
the following way. 

Oxidation with AgNO ; was carried out under conditions ex- 
pected, on the basis of preliminary evidence, to allow accumula- 
tion of the Rr 0.35 component at a reasonably rapid rate but in 
a relatively dilute concentration in order to reduce the proba- 
bility of interactions with other components of the reaction mix- 
ture. The 5-hydroxytryptamine solution (0.0035 mM) was pre- 
pared by dissolving the creatinine hydrosulfate in 0.04 m sodium 
acetate, and adjusting the solution to pH 6.3 by the addition of 
5% NaOH on a glass rod. The AgNO; solution (0.031 m), pre- 
pared by dissolving AgNO; in 0.04 m sodium acetate without pH 
adjustment, was added dropwise with stirring to 9 volumes of 
the substrate solution, and stirring was continued for 1 hour. 
This procedure was performed at 37°. During the reaction the 
pH dropped from 6.3 + 0.1 to 5.9 + 0.1. After the pH had 
been further reduced, to approximately 4, by the addition of 2 
ml of glacial acetic acid per 100 ml of reaction mixture, excess 


silver ion was precipitated by the addition of an amount of 1 Mm 


NaCl equivalent to the AgNO; initially added. The reduced 
silver and precipitated AgCl were removed by centrifugation, and 
the supernatant solution was shell frozen, usually in batches of 
40 ml, and lyophilized immediately or stored at —20° and lyo- 
philized later. 

Column chromatography on Whatman cellulose powder 
(Standard Grade, ashless) proved to be a satisfactory method of 
separating the desired oxidation product from unaltered 5-hy- 


TABLE I 
Chromatographic properties of 5-hydrorytryptamine and its AgNO, ozidation products 


Color reactions 
Rp 

p Ammoniacal AgNOs Ninhydrin Ethylenediamine* 
0.32 Lavender? Gray-black Brick-red Purple-brown Light blue-green 
0.35 Lavender? Gray-black Pale yellow-brown with faint | Purple-brown4 Faint blue-white* 

brick-red periphery¢ 
0.40 Lavender? Gray-black Brick-red Purble-brown Light blue-green 
0.45 Lavender? Gray-black Brick-red Purple-brown? Light blue-green 
0.55 (5-hydroxy- | Lavender? Gray-black (some- | Brick-red Purple-brown? Light blue-green 
tryptamine) times brown-gray) 


* Fluorescence in ultraviolet light. 

+’ Becoming blue to gray-green on standing. 

¢ Yellow-brown central portion showed blue-white fluorescence in ultraviolet light. 

4 Greenish fluorescence under ultraviolet light (noted only in conjunction with relatively intense color reactions in visible light, 
although at low concentrations 5-hydroxytryptamine still gave a pale blue-white fluorescence). 

¢ Almost no fluorescence. 
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Fig. 1. Partition of 5-hydroxytryptamine (5-HT) and its 
AgNO; oxidation products on a cellulose powder column with 
n-butanol-acetic acid-water (6:1:2) as developing solvent. The 
initial oxidation reaction mixture contained 100 mg of 5-hydroxy- 
tryptamine-creatinine-H.SO,-H.O; a 2.0-ml extract of the lyoph- 
ilized reaction mixture was applied to the column. Absorbancies 
greater than 2 were calculated from measurements on diluted 
samples, a direct proportionality between absorbancy and con- 
centration being assumed. 


droxytryptamine and the bulk of the creatinine. Columns 2.5 X 
40 cm were prepared with n-butanol-acetic acid-water (6:1:2) as 
the fluid phase. An extract (2.0 to 2.5 ml) of the lyophilized 
residue from approximately 80 ml of oxidation mixture in n-bu- 
tanol-acetic acid-water (6:1:2) was applied to a column and the 
same solvent was used as the developing agent. After most of 
the dead volume of solvent had run from the column, 2-ml frac- 
tions were collected until the most slowly moving colored band 
in the sample had traversed the column; 20 to 40 additional frac- 
tions were then collected. The absorbancies of a number of 
fractions sufficient to establish the nature of the partition curve 
were measured in a Beckman DU spectrophotometer at a wave 
length of 275 mu (Fig. 1). Measurements were also made at 450 
my for the purpose of comparing the relative positions of the 
visibly colored bands and the peaks located by ultraviolet ab- 
sorption. 

The fractions containing the oxidation products free of 5-hy- 
droxytryptamine were pooled and lyophilized; the residue was 
then dissolved in a few milliliters of 1% acetic acid and fraction- 
ated by the stepwise addition of aqueous picric acid (saturated 
at room temperature). Before each addition the reactants were 
warmed to 50°. The first addition of picric acid resulted in an 
immediate precipitation of dark, amorphous material, which 
became tarry on being manipulated with a stirring rod. Cooling 
of the mixture caused additional precipitation, as did the addition 
of more picric acid solution. As the volume of picric acid added 
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approached 0.5 of the total the color of the precipitate became 
orange-brown. All of the fractional precipitates obtained up to 
this point gave yellow-brown to dark brown solutions in n-bu- 
tanol-acetic acid-water (6:1:2), and consisted of several prod- 
ucts in combination with picric acid, including, apparently, the 
bulk of the colored material that migrated with the Rr 0.35 
oxidation product on the cellulose column. At 0.6 volume of 
picric acid a finely granular red precipitate appeared in the solu- 
tion on standing at 4°. The addition of more picric acid in- 
creased the yield of this red material. The precipitate obtained 
between 0.6 and 0.9 volume of picric acid was collected by cen- 
trifugation, washed with a few drops of cold water, and dissolved 
at 100° in a minimal amount of water agitated by a stream of 
nitrogen. As the solution cooled a finely granular red precipitate 
reappeared. After being cooled at 4° the preparation was col- 
lected by centrifugation under refrigeration and washed with 
cold water. The material was recrystallized from water by the 
same procedure, washed 5 times with small amounts of cold 
water, and dried over anhydrous CaSQ, in a vacuum desiccator. 
The yield of red powder was 10 to 12 mg per initial 100 mg of 
5-hydroxytryptamine - creatinine -H2SO,-H,0. 

Characterization of Picrate of “R pr 0.35 Oxidation Product’’—The 
red material obtained by picric acid fractionation appeared mi- 
croscopically as fragmented or irregular plates, whose color varied 
from yellow to orange-red depending on their thickness. The 
substance charred at 230-240° without melting. In contrast, 
5-hydroxytryptamine picrate fuses with decomposition at ap- 
proximately 190° (11, 12). 

Chromatographically the red material separated into two com- 
ponents, one being recognizable as picric acid by its Rr value 
and yellow color, the other being identical in chromatographic 
mobility and color reactions with the Rr 0.35 component ob- 
served in the original reaction mixtures. 

The picric acid content was assayed by spectrophotometric 
comparison of an aqueous solution, of known weight to volume 
concentration, with picric acid standards (reagent grade, recrys- 
tallized). Measurements were made at 358 my (at or near the 
absorption maximum of picric acid) and also at 430 my, on the 
slope of the picric acid absorption maximum but farther removed 
from the ultraviolet absorption of the indole compounds. 

The reliability of the method was tested with recrystallized 
tryptamine picrate (prepared from the hydrochloride: Eastman 
Organic Chemical No. 2954) and twice recrystallized 5-hydroxy- 
tryptamine picrate (prepared from the creatinine hydrosulfate). 
The latter picrate was initially precipitated from a relatively 
dilute solution to avoid contamination with creatinine picrate, 
which forms more slowly and is readily distinguishable from the 
indolic picrate by its yellow color. The tryptamine picrate and 
5-hydroxytryptamine picrate were washed repeatedly by suspen- 
sion in water followed by centrifugation, and finally dried over 
anhydrous CaSO, in a vacuum desiccator. The 5-hydroxy- 
tryptamine picrate, which crystallizes from water as a monohy- 
drate and retains this water of crystallization at 80° over P.O; 
under reduced pressure (11), was found to be free of creatinine 
by chromatographic analysis. 

The precision and accuracy of the picrate analysis of the com- 
pounds in question is indicated in Table II. The maximum 
variation amoung three independent estimates on 5-hydroxy- 
tryptamine picrate monohydrate and the oxidation product pic- 
rate is less than 2°% relative to the mean at either wave length; 
and the agreement between the measured and calculated values 
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for the two known compounds is good, the maximum relative 
error being 1.2%. A sample of 5-hydroxytryptamine picrate 
monohydrate, after having been heated for 1 hour at 105-110° 
in @ vacuum oven, was found to have a picric acid content 
in excellent agreement with that calculated for anhydrous 5- 
hydroxytryptamine picrate. Identical heat treatment did not 
significantly change the picric acid content of a sample of the ox- 
idation product picrate, which was therefore assumed to be 
nonhydrated. 

The picric acid assay thus may be used to distinguish reliably 
between compounds with the difference in composition exhibited 
by tryptamine picrate and anhydrous 5-hydroxytryptamine pic- 
rate, that is, 1 oxygen atom in a molecular weight of approxi- 
mately 400. The experimentally determined picric acid content, 
56.9%, of the presumably nonhydrated picrate of the Rr 0.35 
oxidation product is very nearly the same as that of anhydrous 
5-hydroxytryptamine picrate. This information indicates that 
there has not been replacement of a hydrogen atom by a hydroxyl 
group in the process of oxidation. 

The ultraviolet absorption spectrum was obtained by difference 
between buffered solutions (0.1 ionic strength sodium acetate, 
pH 5.7) of the oxidation product picrate and of picric acid of 
concentrations equal with respect to picrate, in a Beckman DU 
Spectrophotometer. The spectrum is compared in Fig. 2 with 
the spectrum of 5-hydroxytryptamine obtained by the same 
method. Although the effect of the reference picric acid solution 
is probably not strictly compensatory throughout the whole spec- 
tral region shown, the contour of the 5-hydroxytryptamine curve 
is very similar to that of 5-hydroxytryptamine -creatinine- HSO, 
as found by Rapport (11). The absorption spectrum of the 
oxidation product bears strong similarities to that of 5-hydroxy- 
tryptamine but differs in having, instead of a single maximum 
(275 mu) with a shoulder, a double maximum with peaks at 278 
and 305 mu. The existence and positions of these two peaks 
were confirmed with material (free of picric acid) isolated by 

paper chromatography and eluted with 0.01 M acetic acid. 
Above 350 muy and in the visible spectrum the picrate of the Rp 


TABLE II 


Picric acid content of ‘‘Rpr 0.385 oxidation product picrate’’ and 
related compounds 


Found 
Substance 
358 my | 430 my | Average! 
% % % % 
Tryptamine picrate 58.9 | 59.6 | 59.3 | 58.9 
5-Hydroxytryptamine picrate mono- | 54.1 | 53.9 
hydrate? 53.6 | 54.1 | 54.0 | 54.1 
53.9 | 54.4 
5-Hydroxytryptamine picrate mono- | 56.6 | 56.9 | 56.8 | 56.5 
hydrate (heated)? 
Oxidation product picrate* 56.5 | 56.6 
56.6 | 57.1 | 56.9 
57.5 | 57.3 
Oxidation product picrate (heated)® | 56.7 | 57.5 | 57.1 


* Three independent analyses. 
> See text. 
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Fig. 2. Ultraviolet absorption spectra of picrates of 5-hydroxy- 
tryptamine (5-HT) and FR, 0.35 oxidation product. Picrate, 1.9 
mg per 100 ml against picric acid of equivalent concentration; 
acetate buffer, ionic strength 0.1, pH 5.7; 1.00-em light path. 


TABLE III 


Elemental composition of ‘‘Ryp 0.35 oxidation product’’ compared 
with calculated values for 5-hydroxytryptamine 
and assumed oxidation products 
All compounds in the form of picrates. 


Calculated 
hyd 
n roduct, 
| S-Hydroxy- | Dihydrony- 
tryptamine | tryptamine | droxytryp- ° 
tamin 
% % % % % 

Carbon 47.74 47.41 45.61 47.65 47.53 
Hydrogen 3.71 3.73 3.59 3.25 3.49 
Nitrogen 17.49 17.28 16.62 17.36 17.32 
Oxygen 31.81 31.58 34.18 31.74 31.66 

Total 100.75 100.00 100.00 100.00 100.00 


* Schwarzkopf Microanalytical Laboratory, Woodside, New 
York. 


> Quinoneimine derivative. 


0.35 product does not absorb significantly with picric acid of 
equivalent concentration in the reference cell. 

The elemental composition of the picrate of the R 0.35 prod- 
uct (Table III) is very similar to that calculated for anhydrous 
5-hydroxytryptamine picrate; the agreement with the calculated 
values for a dihydroxytryptamine picrate is not nearly as good. 
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0.76 
0.1 - 
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3.03 
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Fic. 3. Isothermic distillation of solvent between acetone so- 
lutions of a, 5-hydroxytryptamine picrate (standard) and Rp 0.35 
~ oxidation product picrate (unknown), and of b, 5-hydroxytrypta- 
mine picrate and 1,3,5-trinitrobenzene (TNB). Initial fluid- 
column-length differences set at zero. Positive slope indicates 
distillation of solvent into standard solution; negative slope, the 
reverse. 


The values calculated for a picrate of a dehydrogenated 5-hy- 
droxytryptamine molecule, excepting those for hydrogen, are also 
in good agreement with those found by analysis. A dehydro- 
genated product which might reasonably be anticipated is the 
quinoneimine derivative. The properties of this compound have 
never been described, to our knowledge, although its formation 
by the enzymic oxidation of 5-hydroxytryptamine has been sug- 
gested (13). The postulated quinoneimine derivative, having 
lost its phenolic character, might be expected to give a weak or 
atypical color reaction with diazotized sulfanilamide, as did our 
product. But, having also lost its true indolic character, it 
might be expected to give an atypical indole reaction, and, having 
attained a quinonoid structure, it would not be expected to reduce 
ammoniacal AgNO; readily, differing from our substance in both 
respects. Finally, although it cannot be said with certainty 
that the quinoneimine derivative would have visible color, its 
ultraviolet absorption spectrum would almost certainly show a 
pronounced bathochromic shift; the product we have obtained 
does not. 

Another possibility to be considered is the compound formed 
by a dehydrogenative coupling of two 5-hydroxytryptamine mol- 
ecules. The assumed product would have a molecular weight 
twice that of 5-hydroxytryptamine, diminished by the weight of 
2 hydrogen atoms, and a calculated elemental composition in 
good agreement with the found values (Table ITI). 

The molecular weight was estimated according to the principle 
of isothermic distillation of volatile solvent from a solution of 
lower molality to one of higher molality, one of the solutions 
being of known molal concentration (14). Acetone was used as 
the solvent; anhydrous 5-hydroxytryptamine picrate, as the ref- 
erence standard. The capillary tubes were partly filled with 
known weight to weight concentrations of the standard and 
unknown picrates, respectively, in acetone (0.02 to 0.07 mg of 
picrate per mg of acetone). Changes in lengths of the fluid 
columns contained in the capillaries were observed by means 
of a microcomparator’ at intervals of 3 to 4 days within a period 


* Put at our disposal through the courtesy of Mr. Roger D. 
Wade, Biochemistry Department, University of Washington. 
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of 3 weeks. The results are shown graphically in Fig. 3a. The 
reversal in the direction of distillation in the vicinity of the 2:1 
weight ratio is consistent with a molecular weight for the red 
picrate approximately twice that of 5-hydroxytryptamine picrate. 

This conclusion is based on the assumption that neither picrate 
dissociates significantly in acetone at the experimental concentra- 
tions. It is evident that if the unknown is a dipicrate of a 5-hy- 
droxytryptamine dimer, and both the standard and the unknown 
dissociate completely, vapor pressure equilibrium would have 
been found near a 1.33:1, instead of 2:1, weight-concentration 
ratio. Partial dissociation of either picrate or both picrates 
would render uncertain the molecular weight estimation. Evi- 
dence that 5-hydroxytryptamine picrate does indeed remain 
essentially undissociated in acetone solution is shown in Fig. 3b, 
which illustrates an isothermic distillation experiment conducted 
with anhydrous 5-hydroxytryptamine picrate and 1 ,3 ,5-trinitro- 
benzene‘ (0.02 to 0.04 mg of solute per mg of acetone). The 
reversal in the direction of distillation occurred at a molal-con- 
centration ratio of unity. This result could not have been ob- 
tained if the 5-hydroxytryptamine picrate had dissociated appre- 
ciably, unless the trinitrobenzene had dissociated to the same 
degree, an occurrence which seems highly unlikely. If 5-hy- 
droxytryptamine picrate does not dissociate in acetone solution 
it seems reasonable to expect that the picrate of the Rp 0.35 
oxidation product would also remain undissociated, since the 
chemical composition of the two picrates is very similar. A 
slight degree of dissociation would be of no consequence in the 
interpretation of the experimental results, whereas a greater de- 
gree (approximately 10% or more) would require that the un- 
known be the picrate of a higher polymer than a dimer in order 
to account for the observed vapor-pressure equilibrium so near a 
weight-concentration ratio of 2:1 with respect to the undisso- 
ciated 5-hydroxytryptamine picrate. 

The picric acid content of the Rr 0.35 product picrate requires 
that its molecular weight be an integral multiple of 403 (mol. wt. = 
(229 /0.569)n, where n is an integer); according to the molecular 
weight determination the only reasonable value for n is 2. Thus 
limited, the molecular weight calculated from the picric acid 
content is 806. The dipicrate of a diamine formed by dehydro- 
genative coupling of two 5-hydroxytryptamine molecules would 
have a molecular weight of 808.6, in excellent agreement with the 
measured weight. 

Further oxidation of the red picrate gave additional evidence 
that the R» 0.35 product is in fact an intermediate in the oxida- 
tive pathway from 5-hydroxytryptamine to pigment. The pres- 
ence of 0.01 m AgNO; in a saturated solution of the red picrate 
in 0.1 m acetate buffer at pH 6 caused rapid formation of a dark 
precipitate, which, on being extracted with 1 m NaOH, yielded 
a clear brown solution that was decolorized by the addition of 
0.5 volume of 30% H-O2. No products of the AgNO; reaction 
were detected chromatographically in the supernatant portion of 
the reaction mixture. When a ceruloplasmin (serum oxidase) 


* The trinitrobenzene (Eastman Organic Chemical No. 639) was 
recrystallized from acetone-water, 1:1, washed with acetone- 
water, 1:3, and then with water, and dried over anhydrous CaSO, 
in a vacuum desiccator. The dried crystals melted at 121—123.5° 
in a Fisher-Johns apparatus calibrated with a sharply melting 
sample of recrystallized picric acid, the melting point of which was 
taken to be 122° (121.8°, International Critical Tables; and 122.5°, 
Heilbron’s Dictionary of Organic Compounds). The same litera- 
ture sources reported the melting point of 1,3,5-trinitrobenzene 
to be 121 and 122.5°, respectively. 
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concentrate® was used instead of AgNOs;, a pigment with similar 
properties was produced. 


DISCUSSION 


Oxidation of 5-hydroxytryptamine by AgNO; or molecular 
oxygen culminates in the formation of a melanin-like pigment. 
Irrespective of whether a single or branching pathway is followed, 
it seems obvious that at an early stage of the reaction intermo- 
lecular coupling must commence. The evidence we have pre- 
sented indicates strongly that one, probably the first, relatively 
stable intermediate is a dimer formed by the elimination of 1 
hydrogen atom from each of the constituent 5-hydroxytrypta- 
mine molecules. 

Dehydrogenative coupling could occur in several possible ways. 
Since coupling involving the side chain or positions 1 or 2 of the 
indole nucleus would leave at least one phenolic grouping free to 
react with diazotized sulfanilamide, with which the Rp 0.35 oxi- 
dation product reacted weakly and atypically, it seems more 
likely that the proposed coupling occurs between the benzene 
rings, in such a way as to hinder the diazo coupling reaction or 
alter the color of the diazo derivative. Dehydrogenative cou- 
pling between the benzene rings could result in 6 possible isomers: 
4,4’, 4,6’, 4,7’, 6,6’, 6,7’, and 7,7’. The Rr 0.35 oxidation 
product may be a mixture of two or more of these isomers, with 
indistinguishable Ry values. The most probable sites for the 
coupling (steric considerations being ignored) are positions 4 and 
6, each being adjacent to the ortho-directing hydroxy] group. If 
this ortho coupling should extend beyond 2 molecules the result 
would be a meta “‘polyphenyl,” with either a repeated 4,6’ cou- 
pling or a combination of 4,4’, 4,6’, and 6,6’ coupling. Cou- 
plings involving position 7 are also a possibility. 

Relatively stable diphenyl intermediates have been identified 
in the enzymic oxidation of catechol (16) and tyramine and re- 
lated compounds (17) to pigments of the melanin type. In the 
former case compounds produced by enzymic methods were du- 
plicated by inorganic oxidants. In the latter case a terphenyl 
derivative of tyramine was tentatively identified. The similarity 
to the proposed oxidation of 5-hydroxytryptamine is clearly 
evident. 

The oxidation products described in Table I but not yet fur- 
ther characterized may represent couplings between the benzene 
rings that would allow a subsequent diazo coupling reaction, or 
they may be monomeric derivatives, dimers or polymers involv- 
ing coupling sites not exclusively on the benzene rings, or inter- 
action products among these postulated intermediates and 
5-hydroxytryptamine. 

Simple monomeric derivatives that might be expected to mi- 
grate more slowly than 5-hydroxytryptamine in the chromato- 
graphic solvent system are 4,5-, 5,6-, and 5,7-dihydroxytrypta- 
mine, all three of which should readily undergo further oxidation 
to form, presumably, the corresponding o-quinone or quinonei- 
mine (the latter with the quinone oxygen in position 5 or 7). 
The importance of quinonoid structures as precursors of various 


melanins has been emphasized by Raper (18), Bu’Lock and 


5 For the oxidation, the reaction mixture contained 7 ul of ce- 
ruloplasmin concentrate per ml of substrate solution. The con- 
centrate was obtained from A/B Kabi, Stockholm; its specific 
p-phenylenediamine oxidase activity was approximately 100 times 
that of pooled pregnancy serum, as determined by manometric 
measurements in our laboratory. For a discussion of the oxidase 
activity of ceruloplasmin see Holmberg and Laurell (15). 
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Harley-Mason (19), and Mason (20, 21). The quinoneimine 
type of derivative of 5-hydroxytryptamine or the quinonoid de- 
rivatives of oxidation products may play an important though 
evanescent role(s) in the oxidative process. 

The fact that 5-hydroxytryptamine in the presence of serum 
oxidase (7)! forms products with the same chromatographic mo- 
bilities and color reactions as the oxidation products obtained 
with AgNO; suggests the possible occurrence of these compounds 
in animals and man. The derivative observed in urine by Mc- 
Isaac and Page (3), and provisionally identified by them as an 
oxidation product, could be identical with any one of the oxida- 
tion products in vitra observed by us. The available data do not 
permit a decisive conclusion. 

This delineation of a new pathway by which 5-hydroxytrypta- 
mine may be metabolized and the isolation of an apparent inter- 
mediate in the pathway opens to exploration a new series of 
derivatives and their role in the biological economy. 


SUMMARY 


Oxidation of 5-hydroxytryptamine by molecular oxygen or 
AgNO, under specified conditions leads to the formation of col- 
ored products and eventually an insoluble pigment like melanin. 
Of several chromatographically apparent intermediates in this 
process, one was isolated by column chromatography and tenta- 
tively identified as a dimer resulting from dehydrogenative 
coupling of two 5-hydroxytryptamine molecules. 
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Previous work in this laboratory (1, 2) showed that a-acid 
glycoprotein (orosomucoid) possesses the property of preventing 
the precipitation of deoxyribonucleic acid by trichloroacetic 
acid.1_ When the glycoprotein was incubated with pepsin or 
trypsin before mixing it with the nucleic acid, this property was 
lost; in the absence of the enzymes it was retained under the in- 
cubation conditions. Since Schmid et al. (3), Popenoe and Drew 
(4), and Yamashina (5) have indicated that a,-acid glycoprotein 
is resistant to the action of proteolytic enzymes, the conclusion 
was drawn (2) that at the most only a few bonds in the glyco- 
protein need be split to abolish its activity toward the nucleic 
acid. If it were established in greater detail that limited cleav- 
age of the glycoprotein by pepsin does occur, then the enzyme 
could be used as a tool for studies of the structure of this protein 
in addition to those used by other workers (3, 6, 7). It seemed 
worthwhile, therefore, to investigate further the effect of pepsin. 
The methods used for detecting alterations in the glycoprotein 
were ultracentrifugation and solubility behavior in acetone. 


EXPERIMENTAL 


Materials 

Glycoproteins—Precipitation, filtration, centrifugation, and di- 
alysis were carried out at 2-4°. 

Urine preserved with thymol was obtained from two nephrotic 
children. The procedure of Weimer et al. (8) was applied, be- 
ginning at the second step. Ninety grams of (NH4)2SO,4 were 
dissolved in 250 ml of urine and 1 N HCl added to pH 4.9. The 
mixture was allowed to stand for 5 hours, and then was filtered 
by gravity and the filtrate adjusted to pH 3.7 with 1 n HCl. 
The resulting mixture was filtered after 64 hours and the filtrate 
was brought to full saturation with (NH,).SO,. After 23 hours 
the precipitate was collected by centrifugation, dissolved in dis- 
tilled water, and dialyzed until free of sulfate ions. The glyco- 
protein was recovered by freeze-drying; yield, 395 mg. This 
preparation was combined with 409 mg of the urinary glycopro- 
tein prepared previously (2) in this laboratory, and the whole 
dissolved in 40 ml of water. Ammonium sulfate was added to 
50% saturation. A precipitate did not appear. The solution 
was adjusted to pH 3.7 and allowed to stand overnight; a small 
amount of precipitate was removed by filtration. The filtrate 
was fully saturated with salt and after 20 hours the precipitated 
glycoprotein was recovered by centrifugation, dissolved in dis- 


* Supported in part by Grant C-2877, National Cancer Insti- 
tute, National Institutes of Health, United States Public Health 
Service. 

1 The samples of purified glycoproteins used earlier (1, 2) were 
kindly furnished by Drs. K. Schmid and E. A. Popenoe. 


tilled water, dialyzed free of sulfate, and freeze-dried; yield, 622 
mg. 

Plasma was obtained from blood collected under sterile con- 
ditions from clinically normal human volunteers. The procedure 
of Weimer et al. (8) was applied without modification to three 
different 500-ml samples. The a-acid glycoprotein fractions 
obtained were combined and dissolved in water at a concentra- 
tion of 20 mg per ml. Ammonium sulfate was added to 50% of 
saturation and the pH was adjusted to 3.7. A precipitate which 
formed overnight was discarded and the filtrate was brought to 
full saturation with the salt. After 23 hours the precipitated 
glycoprotein was collected in the centrifuge, freed of salt by 
dialysis, and freeze-dried; yield, 453 mg. 

Samples of the glycoproteins taken for chemical analysis were 
dried to constant weight at 105°. The analytical values which 
appear in Table I are averages of triplicate determinations. 
Electrophoretic and ultracentrifugal patterns obtained with the 
lyophilized preparations (not subjected to drying by heating) are 
given in Figs. 1 and 2. Electrophoretic mobility values of the 
major peaks and 829 values appear in Table I. Included in Table 
I are values obtained by other workers (3, 4, 6, 8-12). The data 
show that the glycoproteins prepared in this laboratory were 
typical of human plasma a,-acid glycoprotein. The urinary and 
plasma specimens were estimated from the electrophoretic pat- 
terns to be 88 and 94% pure, respectively. The urinary prep- 
aration of Popenoe and Drew (4) obtained by the method of 
Weimer et al. (8) contained about 10% impurities estimated by 
electrophoresis and, like the present sample, was homogeneous 
in the ultracentrifuge. 

Pepsin—Twice and thrice crystallized pepsin were obtained 
from the Worthington Biochemical Corporation and Pentex, 
Incorporated, respectively. In all experiments the enzyme was 
dissolved in 0.05 m sodium acetate-acetic acid buffer, pH 4.1, 
and maintained in an ice bath before use. 


Methods 


Analytical Methods—Polypeptide content was determined by 
the method of Lowry et al. (13) using crystalline ovalbumin as 
standard. Hexose was determined by the method of Weimer and 
Moshin (14), and hexosamine by the Elson-Morgan method as 
described by Winzler (15). Sialic acid was measured by the 
direct Ehrlich reaction as described by Werner and Odin (16). 
The standard for sialic acid was a bovine submaxillary mucoid 
obtained from Dr. Karl Meyer. 

After incubation of glycoprotein with pepsin, increase in chro- 
mogenicity toward ninhydrin was followed by the method of 
Troll and Cannan (17), with L-leucine as standard. In several 
experiments incubation of the glycoprotein under the same en- 
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vironmental conditions without pepsin did not produce detect- 
able amounts of ninhydrin-positive substances. Under the con- 
ditions of incubation pepsin alone gave no color in the ninhydrin 
reaction. 

Ultracentrifugation and Electrophoresis—Centrifugation at 
59,780 r.p.m. was performed in a Spinco model E analytical 
ultracentrifuge at 20°. Tiselius electrophoresis was carried out 
in a Perkin-Elmer apparatus at a field strength of 6.5 volts per 
cm at a temperature of about 1° with a 2-ml cell. The buffers 
employed were sodium acetate-HCl-NaCl, ionic strength 0.1, pH 
4.5, and Veronal-NaCl, ionic strength 0.1, pH 8.5. The glyco- 
proteins at 1% concentration in buffer were dialyzed at 4° against 
three changes of large volumes of buffer for 24 hours before exam- 
ination. No precipitates formed during dialysis. 

Precipitation with Acetone—The common method of determin- 
ing proteolysis by measuring perchloric or trichloroacetic acid- 
soluble fragments released during digestion is not applicable to 
a,-acid glycoprotein since the unmodified protein is soluble in 
these acids (8, 12). Advantage was taken of the observation 
made by Anderson and Maclagen (18) that some mucoproteins 
are insoluble in high concentrations of acetone in the presence of 
NaCl. It was found that the a-acid glycoprotein preparations, 
1.0 mg per ml in water, were completely precipitated when sup- 
plemented with 4 volumes of avetone followed by 0.1 volume of 
5 mM NaCl. In the experiments described below, the usual pro- 
cedure was to add acetone and salt to samples incubated with 
and without pepsin. After 5 minutes at room temperature, the 
precipitate was collected by centrifugation for 5 minutes at room 
temperature at full speed in the International clinical centrifuge. 
The supernatant liquid was collected and in all cases was water- 
clear. The acetone-insoluble sediment was dissolved in a volume 


of 0.1 N NaOH equal to that of the original aliquot of stock 


glycoprotein solution taken for incubation, and subjected to 
analysis. When the acetone-soluble fraction was examined, 
acetone was removed from the supernatant liquid at 65°, and 
the volume of the remaining solution adjusted with water to that 
of the original aliquot. The only blank encountered was in the 


TABLE 
Characteristics of specimens of a;-acid glycoprotein 
In the first two lines are included data obtained with the glyco- 
protein prepared in this laboratory. The remaining data are 
those of other workers. Numbers in parentheses are references. 
All electrophoretic mobilities given were calculated from the de- 
scending boundaries. 


geod Sedi- 

t 0 

Source of glycoprotein | Hexose tation 
| pH 4.5 pH 8.5 | stant 

Urine 71.8 14.2 11.0) 12.3 | —3.9 —6.0 2.8* 

Plasma 70.0 14.7 | 10.2 | 13.6 —3.4 

Urine (4, 9) | 14.8 11.3) 11.4 —5.7 

Plasma (10) 14.1 11.5, 10.0 

Plasma (6,8, 11) 64.0 16.4) 11. 10.6  —3.9 —6.5 2.62t 

Plasma (3, 12) 66.0 17.2) 11.5) 11.0 | —2.7 —5.3 3.5t 


* soo at 1.6% concentration in acetate-NaCl buffer, pH 4.5. 
Tt soo. at 1.5% concentration in acetate-NaCl buffer, pH 4.1. 
t soo,~ at infinite dilution. 
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Fic. 1. Descending electrophoretic patterns of a;-acid glyco- 
protein. Top: urinary specimen, pH 4.5, after 3 hours. Middle: 
urinary specimen, pH 8.5, after 2 hours. Bottom: plasma speci- 
men, pH 4.5, after 3 hours. 


hexose determination on the acetone-soluble fraction and _ this 
was small. Recoveries of hexose, hexosamine, and sialic acid 
obtained by summing the values for the acetone-soluble and 
-insoluble fractions were excellent. Occasionally, recovery of 
polypeptide ranged as high as 125°, and the cause of this has 
not been determined. The amounts of pepsin used in the experi- 
ments were insufficient to cause interferences in the polypeptide 
determinations. 
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Fic. 2. Ultracentrifugal pattern of urinary specimen of a-acid 
glycoprotein, 1.6 per cent in sodium acetate-HCl-NaCl ionic 
strength 0.1, pH 4.5. Time after attaining full speed was 99 min- 
utes. Centrifugal movement from right to left. 


TABLE II 
Altered solubility of a,-acid glycoprotein in acetone-NaCl after 
incubation with pepsin 

Stock aqueous solutions contained 2.0 mg per ml of glycopro- 
tein. The 5.0-ml aliquots received 0.5 ml of 0.1 N HCl. In the 
experiments with the urinary preparation, pepsin was added in a 
volume of 0.5 ml, aliquots without pepsin serving as controls. 
After incubation for 1 hour, acetone was added to the samples 
containing enzyme and to the controls. The latter then received 
0.5 ml of pepsin solution. The samples were processed following 
the addition of NaCl as described under ‘‘Methods.’’ In the ex- 
periment with the plasma preparation, pepsin was added in a 
volume of 0.1 ml; the control aliquot received 0.1 ml of 0.05 m 
acetate buffer, pH 4.1. After the addition of acetone, 0.1 ml of 
acetate buffer was added to the sample incubated with pepsin 
and 0.1 ml of pepsin solution was added to the control. Further 
treatment was the same as in the experiments with the urinary 
preparation. The results are expressed in terms of per cent of the 
analytical values of the stock glycoprotein solutions. 


Glycoprotein Experimental Control 
| we/ml %1%1%|% | 
Urine 1.7, 0.83) Polypeptide | 65 | 48 | 113) 98 6 | 104 
Hexose 75 | 29 | 104; 101 | 4 105 
Hexosamine | 72 | 28 | 100) 101 | 4 | 105 
Sialic acid 77 | 26: |: 103; 94; 6 | 100 


Urine 1.7, 8.3 | Polypeptide) 54 59 | 113) 101) 7 
Hexose 64 39 | 103) 100) 4 
Hexosamine | 64 | 35 99° 103 | 3 106 
Sialic acid 66 36 | 102; 101. 5 


Plasma | 1.8) 8.9 | Polypeptide) 70 | 56 | 126 102) 4 
Hexose 70 | 38 | 108 102, 9 111 

Hexosamine; 74 31 | 105 106 4 

Sialic acid 65 | 30 95) 98 | 3 


101 


RESULTS 


The results were obtained from experiments in which pepsin 
was allowed to act for 1 hour at 37°. 

Alteration of Ultracentrifugal Behavior—Fig. 3 pictures the 
ultracentrifugal patterns of the glycoprotein specimens after they 


were incubated with and without pepsin. The sedimentation 


constants of the control urinary and plasma samples were 2.8 
and 2.7, respectively. Those of the broad peaks observed after 
incubation with enzyme were 0.94 and 1.0, respectively. In the 


case of the urinary preparation, some of the original glycoprotein 
may have been present after the reaction was stopped by the 
addition of phosphate buffer pH 7.3, but little if any of the orig- 
inal protein remained in the plasma specimen. 

Alteration of Solubility in Acetone—The change in solubility of 
a@,-acid glycoprotein in 80% acetone-0.08 Mm NaCl which resulted 
from incubation with pepsin is illustrated by the data in Table 
IfI. In the absence of enzyme the glycoprotein was completely 


insoluble in acetone-NaCl. At concentrations of glycoprotein of i 


1.7 to 1.8 mg per ml, 0.8 to 9 wg of pepsin per ml caused 30 to 
35% of the carbohydrate components and sialic acid to become 
soluble. Approximately 50 to 60% of the polypeptide was also 
rendered soluble. The values for polypeptide are less reliable 
than those of the other components as indicated by the less 
satisfactory recoveries. 

Effects of Varying Concentration of Pepsin—Simultaneously 


Fic. 3. Ultracentrifugal patterns of a:-acid glycoprotein incu- 
bated with and without pepsin. Stock aqueous solutions con- 
tained 12 mg per ml of glycoprotein. Aliquots (2.0 ml) were sup- 
plemented with 0.1 ml of 0.2 Nn HCl. When pepsin was added it 
amounted to 50 ug in a volume of 0.1 ml. In the experiment with 
the urinary preparation one aliquot served as a control and an- 
other received pepsin. After incubation of both samples, each 
received 0.2 ml of 0.4 mM phosphate buffer, pH 7.3. Pepsin was 
then added to the control. In the experiment with the plasma 
specimen, the control aliquot received 0.1 ml of 0.05 m acetate 
buffer, pH 4.1, before incubation. After incubation and addition 
of phosphate buffer as above, the control aliquot received pepsin 
and the aliquot incubated with enzyme received 0.1 ml of acetate 
buffer. At the top are the control patterns; at the bottom, the 
patterns obtained after incubation with pepsin. Urinary speci- 
men, left; plasma specimen, right. Centrifugal movement from 
right to left. Time after attaining full speed was 83 minutes. 
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with the determination of the changes in solubility of the glyco- 
protein in acetone, the effects of various amounts of pepsin on 
the production of ninhydrin-reactive substances from the glyco- 
protein were investigated. The results in Table III indicate that 
a small amount of such material was liberated and that a 50-fold 
variation in the concentration of enzyme caused some elevation 
inits appearance. However, this increase was very small in pro- 
portion to the increased amounts of enzyme. The degree to 
which the glycoprotein became soluble in acetone was unaffected 
by the large variation in enzyme concentration. 

In other experiments, the urinary specimen, and a sample of 
plasma a@-acid glycoprotein furnished by Dr. E. A. Popenoe used 
also in the previous work (1, 2), were examined. The amount 
of material which became reactive toward ninhydrin was 4 to 
5% of the polypeptide when approximately 50% of the polypep- 
tide and 38% of the hexose became soluble in acetone as a result 
of incubation with pepsin. 

A few preliminary attempts were made to determine a reac- 
tion rate. It was possible to detect decreasing precipitability 
in acetone when glycoprotein, 0.84 mg per ml, was incubated 
with pepsin, 0.84 wg per ml. The per cent of polypeptide pre- 
cipitated was 100, 80, 75, 69, 67, and 62 after 0, 10, 20, 30, 60, 
and 120 minutes of incubation, respectively. A more detailed 
kinetic study would necessitate experiments with high concen- 
trations of glycoprotein and relatively low concentrations of 
enzyme with measurements made of the material solubilized in 
acetone-NaCl. 


DISCUSSION 


After incubation of the glycoprotein with pepsin its sedimenta- 
tion characteristics changed markedly and in the direction which 
indicated that an appreciable decrease in molecular size had oc- 
curred. Under similar conditions of incubation, a substantial 
fraction of the glycoprotein became soluble in acetone and con- 
comitantly the total amount of ninhydrin-reactive material re- 
leased was slight. The molecular weight of a:-acid glycoprotein 
is 44,100 (11) and Schmid and co-workers (3) obtained evidence 
which suggested that it contains a single polypeptide chain. It 
is deduced from the altered sedimentation pattern which indi- 
cated the presence of slower sedimentable substances produced 
by pepsin that the bonds cleaved by the enzyme are located cen- 
trally in the chain. 

The question of resistance of a;-acid glycoprotein to the action 
of pepsin (3-5), therefore, is one of degree. Some evidence was 
obtained (Table III) that after a primary split in the molecule 
by pepsin further changes produced by a large increase of the 
enzyme were small, indicating that the attack by pepsin was a 
limited one. The increase in chromogenicity toward ninhydrin 
after incubation of the glycoprotein with pepsin could perhaps 
be ascribed to the cleavage of a few peptide bonds in the glyco- 
protein by the enzyme, although direct evidence for this occur- 
rence has not been obtained. The possibility exists that the in- 
crease in color with ninhydrin was due solely to hydrolysis of 
small amounts of protein impurities by the enzyme. 

An objective of applying the ninhydrin procedure was to at- 
tempt a comparison with some information that has been pub- 
lished. Yamashina (5) used the method of Troll and Cannan 
(17) and stated that a,-acid glycoprotein was “hardly digested’”’ 
by papain or trypsin, without giving numerical values. The pres- 
ent results, which show only a small increase in ninhydrin color, 
appear to resemble those of Yamashina. Comparison with other 
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TABLE III 


Results of varying concentration of pepsin on liberation of ninhy- 
drin-reactive substances from a,-acid glycoprotein and on 
production of acetone-soluble fragments 

The total reaction volume was 2.3 ml. The concentration of 
the plasma specimen was 1.7 mg per ml in 0.0087 n HCI containing 
0.0022 N acetate (CH;COOH—CH;COONa, 4:1). After incuba- 
tion for 1 hour, aliquots were taken from sets of duplicate samples 
for analysis with ninhydrin and for precipitation with acetone as 
described under ‘‘Methods.”’ 


Polypeptide 
Weight equiva- 
Pepsin lents of leucine | 
liberated ‘Acetone soluble Recovery 

ug/ml % of polypeptide % % % 

0.44 3.6 D4 48 102 

4.4 4.7 46 57 103 
21.8 6.2 | 50 54 104 


results (3, 4) is not possible because of the absence of experimental 
details. Of principal significance in the present study is the find- 
ing that pepsin converted the glycoprotein to substances smaller 
in size. The fact that acetone-NaCl can effect a partition of the 
fragments should render pepsin a useful tool for structural stud- 
ies. Investigations into the detailed chemistry of the products 
of acetone partition are in progress. 


SUMMARY 


Earlier work in this laboratory gave an indication that some 
bonds in human q,-acid glycoprotein (orosomucoid), which usu- 
ally has been described as being resistant to proteolytic en- 
zymes, may be cleaved by pepsin. ‘The effect of pepsin has been 
investigated further. a,-Acid glycoprotein was obtained from 
normal human plasma and from urine of nephrotic children. 
Incubation of the glycoprotein with pepsin at 37° for 1 hour re- 
sulted in an ultracentrifugal pattern which indicated that a 
reduction in molecular size had occurred and that little of the origi- 
nal glycoprotein remained. After incubation with pepsin, ap- 
proximately one-half of the polypeptide component of the gly- 
coprotein and about one-third of its carbohydrate and sialic acid 
components became soluble in 80% acetone containing 0.08 m 
NaCl. Only a small amount of ninhydrin-reactive material was | 
liberated as a result of incubating the glycoprotein with pepsin. 
The data provide additional evidence that a;-acid glycoprotein 
is cleaved by pepsin. The results obtained by varying the con- 
centrations of pepsin over a wide range indicated that the cleav- 
age of the glycoprotein is most probably a limited one. 
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Plasminogen, a normal constituent of human blood plasma, 
can be activated in various ways to yield the proteolytic enzyme 
plasmin capable of dissolving fibrin clots and of hydrolyzing a 
variety of other proteins and synthetic amino acid esters. The 
activation by the bacterial product streptokinase has been widely 
studied in the past and appears to proceed through a two-stage 
reaction: the interaction of streptokinase with plasminogen (1) 
(or a hypothetical substance called proactivator) (2) yielding 
“activator,” which in turn converts plasminogen to. plasmin. 
The conversion of plasminogen to plasmin by streptokinase has 
been reported to result in a decrease in molecular weight from 
143,000 to 120,000 (3). The fibrinolytic and caseinolytic activi- 
ties of streptokinase-activated plasminogen have been invariably 
attributed to the end product of this reaction. 

The studies reported here were designed to test the functional 
homogeneity of the product resulting from the addition of strep- 
tokinase to human plasminogen. The possibility that more 
than one enzyme is produced by streptokinase activation was 
suggested by our earlier studies (reported in abstracts, 4-6) 
which indicated that maximal fibrinolytic activities develop 
within one minute after the addition of streptokinase, before 
measurable amounts of peptides are released. ‘This finding sug- 
gested that at least part of the hydrolytic activity of plasmin 
may be attributed to a molecular species which appears earlier 
in the course of activation than the one characterized by the 
loss of a peptide moiety. 

The existence of several active components was demonstrated 
by the measurement of the rates at which activities toward 
different substrates develop and by the use of inhibitors. Ex- 
periments with physical separation methods are in progress. 


MATERIALS AND METHODS 


Human plasminogen was prepared from Cohn Fraction III 
by the method of Kline (7). After the final dialysis step the 
pH of the solution was adjusted to 5.5 and centrifuged at 9,000 
r.p.m. in an SS-4 Servall centrifuge for 30 minutes. The super- 
natant fluid was found to contain about 50% of the total pro- 
tein. This fraction had no plasminogen or proactivator activity 
and most of it migrated toward the cathode during electrophore- 


* Supported by grants from the National Institutes of Health, 
United States Public Health Service, the American Heart Associ- 
ation, Parke Davis and Company, and Merck-Sharpe and Dohme 
Company. 

t A preliminary report was presented at the 1959 Meeting of 
the Federation of American Societies for Experimental Biology in 
Atlantic City, New Jersey (6). 

t Established investigator of the American Heart Association. 


sis on paper. A 5% solution at pH 4.0 was prepared by dissolv- 
ing the precipitate in dilute acid. This stock solution was kept 
frozen at —20° for several months without loss of activity. 
When examined as a 1% solution in 0.1 m Tris buffer in the 
ultracentrifuge (see below) it showed three peaks, with sedimen- 
tation constants of 1, 4, and 7. The fraction with the constant 
of 4 comprised 75% of the total material. Fresh solutions were 
prepared for each experiment at a final concentration of 1% 
protein in 0.1 m Tris buffer, pH 8.5. These solutions showed 
no turbidity. This preparation had some spontaneous activity 
as shown in the zero time activities on Figs. 1 and 2. 

Streptokinase (Varidase-Lederle) was dissolved in 0.1 m Tris 
buffer to give the desired concentration. Some of the experi- 
ments were duplicated with purified streptokinase recently ob- 
tained from Merck, Sharp and Dohme Company. 

Casein (Nutritional Biochemical Corporation) was purified 
according to the method of Miillertz (8) and made to 3% in 0.1 
M phosphate buffer, pH 7.4. 

p-Toluene sulfonyl-L-arginine methyl ester HCl (Mann Research 
Laboratories, Inc.) was prepared for each experiment to give 
0.03 m TAMe! in 0.36 m Tris buffer, pH 9.0. 

Human fibrinogen was prepared from Cohn Fraction I by the 
method of Laki (9). In order to achieve the required purity 
with respect to the plasminogen contaminant (see below) the 
extraction procedure was repeated three times. 

Thrombin was purified from bovine topical thrombin (Parke, 
Davis and Company) by stepwise alcohol precipitation. (A ~ 
detailed account of this method will be published elsewhere.) 
The purity of both fibrinogen and thrombin with respect to 
plasminogen was estimated by forming clots and incorporating 
increasing amounts of streptokinase. The amount of strepto- 
kinase necessary to achieve the shortest lysis time depends on 
the amount of the plasminogen contamination in the clot. A 
clot prepared from the purified components used in this study 
lysed in 3 hours when incubated with 10 units of streptokinase. 
Lower or higher amounts of streptokinase gave either longer 
lysis times or did not affect the stability of the clot. A 3-hour 
lysis time corresponds to a plasminogen concentration of less 
than 0.01 unit and is therefore negligible in comparison with 
the values (about 1 unit) encountered in this study. 

Diisopropylphosphorofluoridate was obtained from K and K 
Laboratories, Inc. 3 

Fibrinolysis—A modified version of the Loomis method was 
used (10). It consisted in the determination of the lysis time 


1The abbreviations used are: TAMe, p-toluene sulfonyl-t- 
arginine methyl ester; DFP, diisopropylphosphorofluoridate. 
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Fic. 1. Time course of development of proteolytic and TAMe- 
esterase activities after streptokinase (SK) activation. 1% plas- 
minogen in 0.1 m Tris buffer, pH 8.5, 24°. SK, 100 units per mg 
of plasminogen. 


in a 45° water bath of a clot prepared by mixing 0.1 ml of puri- 
fied thrombin solution with 0.2 ml of the test solution and 0.3 
ml of a 0.6% purified fibrinogen solution. The lysis times indi- 
cated by rise of the air bubbles trapped in the clot, were converted 
to units of fibrinolytic activity on the basis of a calibration curve 
made by assigning 1 unit to a lysis time of 2 minutes. 

Casein Assay—A modification of the method of Miillertz (8) 
was used. After the addition of streptokinase to a plasminogen 
pool, 0.5-ml portions of this mixture were pipetted at varying 
time intervals into two centrifuge tubes containing 0.5 ml of a 
3% casein solution. Two milliliters of 1.7 m perchloric acid 
were immediately added to one tube and 5 minutes later to the 
other one. The precipitated solutions were centrifuged at 9,000 
r.p.m. for 40 minutes, after which the supernates were pipetted 
off and their optical densities measured in a Beckman model DU 
spectrophotometer at 275 mu. The difference in optical density 
between each pair of samples indicated the breakdown of casein 
during the 5-minute digestion period. The series of samples 
which were precipitated immediately after the addition of plas- 
min also served as the basis for calculating the amount of 
peptide released from the plasminogen preparation during 
activation. Since prior interaction of casein and plasmin (or 
plasminogen) seems necessary for complete precipitation of the 
enzyme in these samples, perchloric acid was added last. The 
slight casein digestion occurring during the 5 seconds between 
the addition of plasmin and perchloric acid was corrected for 
by linear extrapolation to zero time of the line connecting the 
5 second to the 5 minute optical density. 

TAMe! Assay—The procedure of Troll et al. (11) was modi- 
fied for this purpose. Into two beakers containing 1.5 ml of 
TAMe-Tris solution, (0.03 m in TAMe, 0.36 m in Tris, pH 9.0) 
0.5-ml samples of the activated plasmin solution were pipetted 
at varying times after activation. One of these beakers also 
contained 2 ml of 38% formaldehyde. To the other beaker 
2 ml of this formaldehyde solution were added after a 5-minute 
digestion period. The solutions were then titrated to pH 8.0 
with 0.1 Nn NaOH from a syringe-microburette with a Beckman 
pH meter. The difference in the amount of alkali used for each 


Different Types of Plasmin by Streptokinase Activation 


Vol. 235, No. 6 


pair of samples was equivalent to the amount of TAMe hydro- 
lyzed in 5 minutes. 

Streptokinase activation and casein and TAMe hydrolysis 
were performed in a water bath at 24°. 

Ultracentrifugal Analysis—This was carried out with a Spinco 
model E ultracentrifuge at 59,780 r.p.m. at 20° with the use of 
the synthetic boundary cell. Pictures were taken at 8-minute 
intervals with a wire angle of 60°. The samples to be analyzed 
were obtained in the following way: a solution of 1% plasmino- 
gen in 0.1 m Tris buffer, pH 8.5, was activated with 100 U of 
streptokinase per mg of plasminogen. At specified times 1-m| 
samples were withdrawn and mixed with 0.15 ml of 1 n HC] 
which lowered the pH to 2.5. A sample taken before activation 
was treated similarly. That this procedure stopped the activa- 
tion process was shown by the fact that peptide material which 
regularly accompanies activation was not released when acidifi- 
cation was carried out immediately after activation. 


RESULTS 


The experiments to be described in this section were designed 
to compare the rates at which hydrolytic activity toward three 
different substrates develops after the addition of streptokinase 
to plasminogen. 

Fibrinolysis—Fig. 1 shows the rate of development of fibrino- 
lytic activity after the addition of 100 units of streptokinase 
per mg of plasminogen which was found to be the optimal ratio 
for maximal plasminogen activation with the batch used in this 
study. It can be seen that the sample taken 30 seconds after 
the addition of streptokinase already showed maximal activity. 
The lysis time of all the samples taken from the activated plas- 
minogen pool was approximately 2 minutes. Since the samples 
taken at 1, 3, and 5 minutes showed no increase in activity, it is 
unlikely that the 2 minutes required for the assay influenced 
these results; full activation must have taken place already at 
30 seconds. The degree of activity depended on the amount of 
enzyme and was not limited by the particular make-up of the 
clot since increased enzyme concentrations resulted in a shorter 
lysis time. 

Casein Hydrolysis—The ability to digest casein (Fig. 1) de- 
veloped as fast as the fibrinolytic activity when plasminogen was 
activated with 100 units of streptokinase per mg of plasminogen 
at pH 8.5. Here, a sample taken 15 seconds after the addition of 
streptokinase already showed maximum activity. Again, the 
constancy of proteolytic activity cannot be due to a limitation 
imposed by the substrate since the reaction was found to be 
first order in plasmin up to a concentration of 3%, using the 
same substrate concentrations. To test whether the hydrolytic 
activities reflected the state of activation at the time the samples 
were taken, or activation continued during casein digestion, the 
time course of the hydrolysis itself was determined for several 
samples at different times after the addition of streptokinase 
(Fig. 2). Several plasminogen samples were activated with 
streptokinase, and at varying times after activation substrate 
was added to each sample. Aliquots of these enzyme-substrate 
mixtures were withdrawn at 1-minute intervals for a period of 
5 minutes, immediately precipitated, and analyzed for break- 
down products as described above. There is no departure from 


linearity in any of the curves so obtained, and this indicates 
that the 5-minute values used in these experiments indeed re- 
flected the state of activation at the time of sampling. The 
slopes of the casein curves do not differ significantly in the 1-, 
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Fic. 2. Rates of digestion of casein and TAMe in samples 


5' 15' 


20- 


nH 


TIME IN MINUTES 


taken at indicated time intervals after activation with 100 U 


streptokinase per mg of plasminogen. 1% plasminogen in 0.1 M Tris buffer, pH 8.5, 24°. 


5-, and 15-minute samples as could be expected from Fig. 1. 
In plasmin samples with a slower rate of development of caseino- 
lytic activity (suboptimal streptokinase concentrations) an up- 
ward curvature in the slopes of the casein digestion curves of 
samples taken shortly after activation was observed. The 
absence of such an effect in the casein curves of Fig. 2 further 
supports the conclusion that the development of caseinolytic 
activity has reached its maximum within 1 minute after the 
addition of streptokinase. 

TAMe Hydrolysis—In contrast to these two proteolytic ac- 
tivities the ability to hydrolyze TAMe develops graduaily, 
achieving its maximum level 10 to 15 minutes after the addition 
of streptokinase. Again, the individual hydrolysis rates are 
linear (Fig. 2). The relatively slow development of TAMe 
hydrolytic activity is expressed by the differences in the slopes 
of the subsequent lines. The constancy of the slopes of the 
individual lines also indicates that the addition of substrate in 
this case stops the process of activation. 

The difference in the rate of development of caseinolytic and 

TAMe-hydrolytic activities in 10 separate experiments done 
under identical conditions is summarized in Table I. 
_ The difference in the rate at which the proteolytic and TAMe- 
hydrolytic activities develop after the addition of optimal strep- 
tokinase concentration suggests that two different enzymes, or 
at least two different sites may develop under the influence of 
streptokinase: a proteolytic enzyme with a very high rate of 
formation capable of hydrolyzing both fibrin and casein, and a 
slowly developing esterase enzyme with the ability to hydrolyze 
TAMe. The observation that the proteolytic activity develops 
faster than the esterase activity suggests that the first kind of 
enzyme does not cleave TAMe, whereas the absence of an addi- 
tional rise in the proteolytic activity concomitant with the de- 
velopment of TAMe-hydrolytic ability suggests that the second 
enzyme may not have proteolytic activity. 

On closer examination, however, even this interpretation 
appears to be oversimplified. When an activation experiment, 
such as the one described above, was carried out at a series of 


TABLE [ 


Time course of development of streptokinase-induced caseinolytic 
and p-toluene sulfonyl-xL-arginine methyl ester-esterase 
activities 

1% plasminogen in 0.1 m Tris buffer, pH 8.5. Activation at 
zero time with 100 units streptokinase per mg of plasminogen at 
24°. 


Casein® TAMe?* 
Time Experiment 
1 2 3 4 5 6 7 8 9 | 10 

0 -0.5 94 92, 64: 32) 31) 20) 30; 19) 26 
0.5-1 100 98) 76 91! 61) 46) 60) 61) 46; 55 
1 -3 98 97; 92) 100) 97| 78) 72; 77| 88) 65) 76 
3 -5 90; 100 100 97; 87) 81 77; 81 
5 -8 92 93 98| 97; 100| 94) 94) 96) 91) 95 


* Expressed as percentage of maximum streptokinase-induced 
activity achieved during each 30-minute experiment. 
>’ Following addition of streptokinase. 


streptokinase concentrations (Fig. 3), it became apparent that 
at lower than optimum streptokinase concentrations the devel- 
opment of the caseinolytic activity itself consists of two distinct 
phases: an initial rapid phase, such as has been described earlier, 
followed by a much slower, linearly rising activity. An in- 
teresting feature of this second phase was the decrease in slope 
associated with increasing streptokinase concentration (see “Dis- 
cussion”). The development of TAMe-hydrolytic activity (Fig. 
3) did not resemble the second phase of the caseinolytic activity, 
since even the lowest streptokinase concentration resulted in 
a plateau in 10 to 20 minutes, whereas the caseinolytic activity 
was still rising at thistime. Moreover, 10 units of streptokinase 
per mg of plasminogen produces essentially the same final ac- 
tivity as 100 units. This again suggests that the ability to hy- 
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Fic. 3. Time course of development of hydrolytic activities 
toward casein and TAMe at different streptokinase (SK) concen- 
trations. 1% plasminogen in 0.1 m Tris buffer, pH 9.2, 24°. 


MIN. 


MIN. 


7 8 9 10 
pH 
Fic. 4. pH dependence of caseinolytic activity at 1 minute 
and 10 minutes after activation in two separate experiments. 100 


units streptokinase per mg of plasminogen, in 0.1 m Tris buffer, 
24°. Circles refer to one set of data, triangles to the other. 


drolyze TAMe is not due to the same site as the caseinolytic 
activity. 

The two phases of the caseinolytic activity can further be 
demonstrated by carrying out the activation at different pH 
values. Fig. 4 shows the results of such an experiment. Sam- 
ples of 1% plasminogen were adjusted to pH values ranging 
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TABLE II 


Effect of p-toluene sulfonyl-L-arginine methyl ester concentration on 
esterase activity of plasmin at two streptokinase concentrations 


Streptokinase TAMe Maximal activity 

units/mg moles/l| % 
100 2.86 K 107? 100 

100 2.86 X 10-3 15 

100 2.86 17 
1000 2.86 XK 107? 97 
1000 2.86 X 1073 23 
1000 2.86 X 10-4 23 


from 7.9 to 9.2 and were activated with 100 units of strepto- 
kinase per mg of plasminogen. Samples were tested for caseino- 
lytic activity at 1 and at 10 minutes after activation. A plot 
of these values against pH shows that the early activity proceeds 
optimally at pH 8.2, whereas the late activity has its optimum 
at pH 8.6. 

Peptide Release—Fig. 1 shows the optical density of peptide 
material soluble in 1.13 m perchloric acid that has been released 
from plasminogen in the course of activation. Since the plas- 
minogen preparation is not pure it cannot be ascertained whether 
this material has been released from plasminogen itself as part 
of the activation process or is the hydrolytic product of a con- 
taminating protein broken down by plasmin. The amount of 
peptide material can be calculated to be about 1% of the total 
protein. This finding is in contrast to the large decrease in 
molecular weight reported by Shulman et al. (3) as quoted ear- 
lier. The possibility that larger fragments had also been liber- 
ated but were precipitated by the perchloric acid is made im- 
probable by the finding that the sedimentation patterns obtained 
at different stages during activation do not show changes com- 
patible with the postulated transformation? (Fig. 5). Large 
changes in sedimentation patterns have been noted in this 
laboratory also, but these were found to be associated with 
decline of enzymatic activity rather than with its acquisition. 

More significant for the process of activation, however, is the 
finding that the development of maximal fibrinolytic and casein- 
olytic activity occurs before any peptide material has been re- 
leased. This indicates that the enzyme formed first in the 
course of activation differs little in its molecular dimensions 
from its precursor, plasminogen. If the small amount of pep- 
tide released stems indeed from plasminogen, it is possible that 
this release accompanies the development of esterase activity 
and may mark the appearance of a second enzyme. 

High Streptokinase Concentrations—Streptokinase at increas- 
ingly high concentrations becomes progressively less effective as 
an activator of the fibrinolytic property of plasmin (Fig. 6). 
This loss of effectiveness can be observed for the caseinolytic 
activity as well. The behavior of the TAMe hydrolytic activity, 
however, is quite different both at low and at high streptokinase 
concentrations. Maximal activity develops at lower strepto- 
kinase concentrations than does proteolytic activity and no sig- 
nificant decrease can be observed even at concentrations as high 
as 4,000 units of streptokinase per mg of protein. The fact that 
full esterase activity develops at high streptokinase levels 
strongly suggests that it is not due to the same enzymatic site 


2G. Markus, C. M. Ambrus, F. Wissler, and D. Woernley, in 
preparation. 
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Fic. 5. Sedimentation runs on 8 different samples of plasminogen taken from the same pool at different times after activation 


with 100 units streptokinase per mg of plasminogen. 
tainment of full speed. For details see ‘‘Materials.’’ 


as the proteolytic activity. It should be pointed out that the 
question whether the inhibitory substance is streptokinase itself 
or a contaminant in the Varidase preparation is irrelevant to 
this conclusion. 

An alternative explanation favoring the existence of a single 
enzyme for both activities would be that TAMe has a much 
greater affinity for plasmin than does streptokinase and conse- 
quently displaces the inhibitor from plasminogen. This expla- 
nation is made improbable by the following observations: (a) 
At a constant TAMe concentration of 0.02 m, a 400-fold increase 
in streptokinase concentration failed to produce any decrease 
(b) A 10-fold and a 


100-fold reduction in the TAMe concentration at a_ strepto- 


kinase level (1000 units per mg) which is strongly inhibitory for 
caseinolysis and fibrinolysis, did not produce any inhibition of 
the esterase activity. Table I shows the effect of three sub- 
strate concentrations at the optimum and at an inhibitory strep- 
tokinase concentration. The data show considerable decrease 
in activity at low substrate levels for both streptokinase con- 
centrations as was observed by Troll et al. (11) but this decrease 
was not greater in the high streptokinase group. 

Finally, the possibility has to be considered that the inhibitory 
action of streptokinase may be due to shielding of the active 
site of plasmin by adsorbed streptokinase molecules. The re- 
sulting steric hindrance could interfere with the approach of the 
large protein substrates but might still permit access of the small 
TAMe molecule to the active site. Although such a steric 
hindrance could explain the effect of high streptokinase concen- 
trations, it cannot be invoked to account for the differences 
between esterase and proteolytic activities at low streptokinase 
concentrations thus necessitating a separate explanation for the 
latter effect. 3 

Effect of DF P—DFP has been shown to be inhibitory for a 
number of enzymes. Its effect on plasmin has been studied by 
Mounter and Shipley (12) who obtained complete inhibition of 
casein hydrolysis 30 minutes after addition of 0.01 m DFP to 
streptokinase-activated plasmin (see Fig. 2 in (12); plasmin con- 


Dr. Philip Norman, The Johns Hopkins University, informs 


us that he obtained a similar discrepancy in the effect of high 
_ streptokinase concentrations on the caseinolytic and TAMe hy- 
drolytic activities of plasmin. 


(Times are indicated on each picture.) Pictures taken 43 minutes after at- 
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Fic. 6. Proteolytic and esterase activities as a function of 
streptokinase (SK) concentration measured 20 minutes after ac- 
tivation. (The fibrin curve was obtained with a plasminogen 
preparation of smaller specific activity than the one used in the 
other experiments.) 1°. plasminogen in 0.1 m Tris buffer, pH 


8.5, 24°. 
{oo 
CASE IN 
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Fic. 7. The inhibitory effect of DFP on casein and TAMe 
hydrolysis. 100 units streptokinase per mg of plasminogen in 
0.1m Tris buffer, pH 8.5, 24°. 
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centration is not given). We were unable to obtain complete 
inhibition even with 0.02 m DFP. Fig. 7 shows the effect of 
increasing DFP concentrations, assayed after 30 minutes of 
incubation with streptokinase-activated plasmin, on casein and 
TAMe hydrolysis. The inhibition of casein hydrolysis obtained 
with 0.02 m DFP was 86% whereas that of TAMe hydrolysis 
was only 67%. Although this difference is not very large, it is 
significant and is indicative of heterogeneity in the substrate 
specificities of the enzymatic sites involved. Since the effect of 
DFP on other enzymes has been extremely difficult to reverse, 
the likelihood of different degrees of competition by the two 
substrates for the same active site is small. 


DISCUSSION 


The results reported in this paper provide a description of 
the complex phenomena encountered in the activation of plas- 
minogen by streptokinase. Proteolytic activity appears very 
rapidly following the addition of streptokinase to plasminogen. 
The development of this activity occurs before measurable 
amounts of peptide material had been released from the pre- 
cursor. At the same time a slower process is initiated giving 
rise to esterase activity. This process may be accompanied by 
the release of a small amount of peptide material. It has been 
known for some time (2) that when human plasminogen is acti- 
vated with streptokinase there arises besides fibrinolytic activity 
also “activator activity,” 72.e. the ability to convert further 
amounts of plasminogen to plasmin. As mentioned earlier it 
was assumed that this activator activity is responsible for the 
formation of plasmin. The activator itself was considered to be 
a stoichiometric complex between either streptokinase and 
plasminogen (1) or streptokinase and a hypothetical substance 
called proactivator (2). It seems reasonable to suppose that 
the enzyme responsible for the rapidly appearing proteolytic 
activity found in our experiments might be identical with the 
activator. This supposition is strengthened by the observation 
of Troll and Sherry (13) who found that although plasmin can 
hydrolyze TAMe, activator-activity is not associated with 
TAMe-hydrolytic ability. This observation has been confirmed 
by Ablondi and Hagan (14). The early appearance of a pro- 
teolytic factor, inactive toward TAMe, seems to be in agreement 
with these observations. The rapidity with which this compo- 
nent is formed in addition to the lack of concomitant peptide 
release suggests that this component might well be the result of 
complex formation between streptokinase and plasminogen. In 
earlier studies with streptokinase and with urokinase (unpub- 
lished) it was found that lowering the temperature of activation 
considerably slowed the activation by urokinase, almost certainly 
a proteolytic enzyme (15), whereas the activation by strepto- 
kinase was not measurably slowed. The slowing encountered 
in the case of urokinase is characteristic for enzymatic reactions 
while the lack of such an effect for the streptokinase activation 
suggests that this reaction may be a direct interaction between 
streptokinase and plasminogen. If such is the case, the mecha- 
nism of formation of the early component would be identical 
with that postulated for the formation of activator. This 
component characterized by its early appearance, its apparent 
proteolytic specificity and its optimal pH of formation at 8.2 
will now be referred to as a-plasmin, bearing in mind its possible 
identity with activator. 

The next events to be considered in the course of activation 
are the slow phase of the development of caseinolytic activity 
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and the development of esterase activity. As shown in Tig. 3 
the slowly developing caseinolytic activity is apparent only at 
suboptimal streptokinase concentrations, and its most remark- 
able feature is the decrease in its rate of development wit}: in- 
increasing streptokinase concentrations. The component re- 
sponsible for this activity will be referred to as B-plasmin. 

If a-plasmin is indeed the activator then an increase in its 
concentration, as streptokinase is increased, should result in an 
increase, rather than a decrease, in the rate of B-plasmin forma- 
tion. Further studies on this complex phenomenon are in prog- 
ress. 

Esterase activity develops considerably more slowly than 
a-plasmin activity but its rate of development does not parallel 
that of B-plasmin. The release of a small amount of peptide 
material seems to accompany this process. It is possible that 
the development of esteratic activity reflects the appearance of 
still another enzyme y-plasmin. The finding that high strep- 
tokinase concentrations selectively inhibit the development of 
proteolytic activity but not that of esterase activity also argues 
for the existence of the esterase enzyme as a separate entity. 

Our results concerning the rates of development of proteolytic 
and esterase activity as well as the dissociability of these two 
functions by the use of inhibitors appears to be in disagreement 
with those obtained by Troll and Sherry (13) who observed 
parallel development of caseinolytic and TAMe-hydrolytic ac- 
tivities. Part of this disagreement can be accounted for by the 
differences in the treatment of the samples used for measure- 
ments of enzymatic activity. In the work quoted, the authors 
stopped the activation at several time intervals by lowering the 
pH to 2, reprecipitated the resulting sediment with 1 mM NaCl 
and after solubilization carried out the assays on this material. 
This procedure is stated to remove both streptokinase and 
“activator” and is said to be essential for obtaining first order 
kinetics (13, 16). It seems reasonable to suppose that this 
procedure, although yielding a more homogeneous preparation, 
resulted in the removal of a-plasmin from the activation mix- 
ture and thus made impossible the observation of the early ap- 
pearing proteolytic activity. If such was the case, the parallel 
rise of the two activities would argue for the identity of B-plas- 
min with the esterase enzyme. These contradictory results, 
however, are not strictly comparable, since activation was car- 
ried out in most of our studies at pH 8.5 and at 24°, whereas in 
the work referred to it was done at pH 7.6 at 37°. (These 
values are not stated in (13) and are only inferred from (16).) 
It is conceivable that at different pH values and temperatures 
streptokinase activation may yield different end products. An 
indication of this is indeed present in our study (Fig. 4). 

Finally, it should be pointed out that the distinctions between 
the separate enzyme forms tentatively established in this study 
do not necessarily imply that each form is associated with a 
different molecular species. It is possible that some of these 
activities are due to different enzymatic sites on the same mole- 
cule or, that they reflect subsequent stages in the evolution of a 
single molecule, as has been described for chymotrypsin by 
Neurath et al. (17). 

In previous studies from this laboratory, the therapeutic use- 
fulness of various preparations of plasmin was tested on dogs 
with I'*!-labeled fibrin clots and patients suffering from various 
thrombo-embolic disorders (18, 19). When streptokinase was 
added to human plasminogen, apparently several enzymes were 
formed and during the treatment period a constantly varying 
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enzyme population was infused. Experiments are in progress to 
isolate the various types of plasmin and, if successful, to test 
them tor therapeutic activity. 


SUMMARY 


The time course of activation of human plasminogen by strep- 
tokinase at pH 8.5, 24° has been studied by measurement of the 
rates at which activities toward different substrates develop. 
At optimal streptokinase concentrations proteolytic activity 
toward fibrin and casein develops to its final value within 1 
minute after the addition of streptokinase. Esterase activity 
toward p-toluene sulfonyl-L-arginine methy] ester develops con- 
siderably more slowly, reaching its peak at 5 to 15 minutes after 
activation. The latter process is accompanied by the release of 
a small amount of peptide material. By the use of suboptimal 
streptokinase concentrations it can be shown that the caseinolytic 
activity itself consists of two distinct phases: a fast process al- 
ready mentioned and a subsequent linearly rising slower process. 
The development of esterase activity does not parallel the course 
of either one of the proteolytic activities. The two phases of 
the proteolytic activity can further be distinguished by their 
different pH optima. These two phases are attributed to the 
action of two distinct enzyme forms (or enzymatic sites) develop- 
ing at different rates which are referred to as a- and 8-plasmin, 
respectively. The esterase activity appears to be associated with 
a third enzyme form, y-plasmin. The use of inhibitors permits 
further differentiation between the proteolytic and the esterase 
activities. Increasing the streptokinase concentration above 
the optimum progressively inhibits the development of pro- 
teolytic but does not affect that of esterase activity. Diisopro- 
pylphosphofluoridate inhibits the two activities to different 
extents. 

The relationship of a-plasmin to ‘‘activator’”’ is considered. 
It is suggested that they may be identical. 


G. Markus and C. M. Ambrus 


wo 


18. 
19. 


1679 


aantae 


Acknowled 


The authors are indebted to Rudolf Hans, 


eto 


M.S., James Freeman, B.A., and Rosalie Benson, B.S., for tech- 
nical assistance, and to Drs. W. C. Werkheiser and A. Nisonoff 
for many stimulating discussions. 


REFERENCES 


. Kune, D. L., AND Fisuman, J. B., Ann. N. Y. Acad. Sci., 68, 


25 (1957). 


. MULLERTz, S., AND Lassen, M., Proc. Soc. Exptl. Biol. Med., 


82, 265 (1953). 


. SHULMAN, S., ALKJAERSIG, N., AND SHERRY, S., J. Biol. Chem., 


233, 86 (1958). 


. Markus, G., AmBrus, C. M., WIssLeR, F., AND WOERNLEY, 


D. L., Federation Proc., 17, 104 (1958). 


. Markus, G., AmBrus, C. M., WissLer, F., AND WOERNLEY, 


D. L., Abstracts of the [Vth International congress of Bio- 
chemistry, Pergamon Press, London, 1958. p. 164. 


. Markus, G., anp AmBrus, C. M., Federation Proc., 18, 98 


(1959). 


. Kune, D. L., J. Biol. Chem., 204, 949 (1953). 

. MtLuertz, S., Biochem. J., 61, 424 (1955). 

. Laki, K., Arch. Biochem., 32, 317 (1951). 

. Loomis, E. C., GEorGE, C., AND Ryper, A., Arch Biochem., 


12, 1 (1947). 


. Trout, W., SHerry, aND WacuMaAN, J., J. Biol. Chem., 


208, 85 (1954). 


. Mounter, L. A., AND Suipvey, B. A., J. Biol. Chem., 231, 855 


(1958). 


. TROLL, W., AND SHERRY, S8., J. Biol. Chem., 213, 881 (1955). 
. ABLONDI, F. B., AND HaGan, J., Proc. Soc. Exptl. Biol. Med., 


95, 195 (1957). 


. KJELDGAARD, N.O., AND PLouG, J., Biochim. et Biophys. Acta, 


24, 283 (1957). 


. ALKJAERSIG, N., FLETCHER, A. P., AND SHERRY, 8., J. Biol. 


Chem., 233, 81 (1958). 


. Neuratu, H., anp Dixon, G. H., Federation Proc., 16, 791 


(1957). 

Amsrus, J. L., AmBrus, C. M., Back, N., SoKau, J. E., 
Lins, G. L., Ann. N. Y. Acad. Set., 68, 97 (1957). 

SokaL, J. E., Amsprus, J. L., AMBrus, C. M., J. Am. Med. 
Assoc., 168, 1314 (1958). 


02.6 
at 
1 
re- 
n an 
'ma- 
rog- 
alle] 
that 
e of 
t of 8 
rues 
vtic 
two 
ent 
ved 
iors 
the 
iC] 17 
lal. 
ind 
der 
his 
On, 
llel 
as- 
ts, 
ar- 
in 
se 
).) 
res 
An 
en 
dy 
a 
‘se 
le- 
a 
DV 
oS 
us 
as 
re 
ig 


THE JOURNAL OF BrioLoGicaL CHEMISTRY 
Vol. 235, No. 6, June 1960 
Printed in U.S.A. 


Crystalline Acid-labile Trypsin Inhibitor from 
Bovine Blood Plasma * 


FenG Wu Aanp M. LASKOWSKI 


From the Department of Biochemistry, Marquette University School of Medicine, Milwaukee, Wisconsin 


(Received for publication, October 10, 1959) 


In 1954, when naturally occurring trypsin inhibitors were re- 
viewed (1, 2), circumstantial evidence suggested that plasma 
contains two different substances capable of inhibiting trypsin. 
In 1955, Shulman (3) purified an acid-stable inhibitor and showed 
that its properties differ significantly from the acid-labile in- 
hibitor of Peanasky and Laskowski (4). Additional studies have 
shown that bovine and human acid-labile trypsin inhibitors 
differ in their action toward plasmin and toward a-chymotryp- 
sin (5-9). 

The present paper describes the crystallization of the acid- 
labile inhibitor from bovine blood plasma and some of the 
properties of the inhibitor. 


EXPERIMENTAL 


Enzymes—Crystalline trypsin and crystalline a-chymotryp- 
sin were prepared accounting to Kunitz and Northrop (10), 
and crystalline chymotrypsin B according to the method pre- 
viously described (11). Crystalline elastase was prepared ac- 
cording to Lewis et al. (12), and was a gift from Dr. U. J. Lewis 
of Merck Sharp and Dohme. Plasminogen was prepared ac- 
cording to the method of Kline (13) starting with Fraction 
III from human plasma, obtained through the courtesy of Dr. 
J. N. Ashworth of the American Red Cross. Plasminogen was 
subjected to spontaneous activation in 50% glycerol according 
to Alkjaersig et al. (14). In our hands plasminogen showed 
a significant initial activity which increased only about 23- 
fold during the glycerol activation. 

Methods—Inhibitory activity against trypsin, determined by 
the casein digestion method of Kunitz (15), was used for assay 
during the purification procedure. Activity is expressed in 
units (U) numerically equal to wg of trypsin inhibited. Pro- 
tein concentration of the inhibitor solution is expressed in 
absorbancy at 280 my measured in a Beckman DU spectro- 
photometer in standard cells of 1-em light path. Potency is 
expressed as units of inhibitory activity per absorbancy at 280 
my (U/E2g0). With highly purified preparations, potentiomet- 
ric titration of esterase activity by the method of Schwert et 
al. (16) as modified by Rovery et al. (17), and described else- 
where (18) was also used. The substrate was a-p-toluenesul- 
fony]-L-arginine methy] ester.' 

Inhibition of chymotrypsins a and B was measured by the 


* This work was supported by grants from the National Insti- 
tute of Arthritis and Metabolic Diseases (A-535), National Insti-. 
tutes of Health, United States Public Health Service, The Na- 
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1 We are indebted to Dr. Beatrice Kassell for this preparation. 


casein digestion method (15) or by the manometric method of 
Parks and Plaut (19) with phenylalanine ethy] ester as sub- 
strate. Hlastase inhibition was measured by the casein diges- 
tion method (15) and plasmin inhibition by the potentiometric 
method (16-18) with a-p-toluenesulfonyl-L-arginine methy] ester 
as substrate. 

Chromatography was performed on columns of diethylamino- 
ethyl cellulose (DEAE-) and carboxymethyl cellulose (CM-) 
prepared according to Peterson and Sober (20). 

Crystallization of Inhibitor—The purification procedure is a 
modification of the previous method (4). Steps 1, 2, and 4 
of the present procedure are identical with Steps 1, 2, and 3 
of the previous method. In order to provide continuity, the 
method is described here in its entirety. 

Step 1—Bovine blood was collected at the local slaughter- 
house, oxalated, and centrifuged. Plasma, usually about 6 


liters, was diluted with an equal volume of 0.9% sodium chlo- 


ride solution. The mixture was acidified with 5 Nn sulfuric acid 
to pH 4.0 and cooled to 5°. It was brought up to 40% satu- 
ration (for that temperature) by addition of solid ammonium 
sulfate (250 g per liter) and allowed to stand overnight. It 
was filtered in the cold with the aid of Celite No. 545 (20 g 
per liter) on a large stainless steel Biichner funnel through one 
sheet of Whatman No. 1 filter paper, 32 cm, with gentle suc- 
tion. The precipitate was rejected. The filtrate’ was brought 
to 90% saturation with ammonium sulfate (375 g per liter). 
The mixture was filtered through the same Biichner funnel at 
room temperature with the aid of 5 g of Celite per liter. The 
filtrate was rejected. : 

Step 2—The precipitate was suspended in 20 volumes of wa- 
ter and the Celite removed by filtration. The clear filtrate 
was adjusted to pH 4.7 with 5 n NaOH and brought to 50% 
saturation at room temperature with solid ammonium sulfate 
(377 g per liter). It was allowed to stand at room temperature 
overnight. The precipitate was filtered with the aid of Celite 
(10 g per liter) and discarded. The filtrate was brought to 
65% saturation with solid ammonium sulfate (100 g per liter) 
and allowed to stand for several hours. The precipitate con- 
taining most of the inhibitory activity was collected on an 
18.5-cm Biichner funnel with the aid of 2 g of Celite per liter. 

Step 3—The filter cake was transferred to a dialyzing bag 
(Visking cellulose casing 32/100) with the aid of some water 
and was dialyzed overnight against water in the cold room. 
The Celite was removed by filtration. The clear filtrate which 
had an activity of about 120 units per E29 was lyophilized. 
The lyophilized material was used in portions of about 3 g 
each, and was dialyzed against 0.005 m sodium phosphate buffer, 
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pH 7.0, for 24 hours at 5°. It was applied to a column of 
DEAE-cellulose, 22 < 2.5 em which had previously been equi- 
librated with the same buffer. The elution pattern is shown 
in Fig. 1. The third peak (0.5 m fraction, pH 5.0), light green 
in color, contained over 80% of the original activity with a 
potency of about 350 U/Exs0 (at this stage the preparation 
may be kept frozen for a day or two). 

Step 4—The 0.5 m fraction (Peak 3) from the previous step 
was diluted with water to give an absorption at 280 my of 
between 6.0 and 8.0. Solid ammonium sulfate, 22.6 g per 100 
ml, was added with stirring, and the pH was carefully ad- 
justed to 3.6, resulting in the formation of a precipitate. The 
solution was allowed to stand until a heavy precipitate formed 
(not more than 10 minutes at room temperature), and was 
centrifuged in a refrigerated Servall centrifuge at 5°, at 10,000 
r.p.m. for 10 minutes. The clear supernatant solution was 
decanted and quickly adjusted to pH 6.5. Solid ammonium 
sulfate was added, 26.1 g per 100 ml. The precipitate which 
formed was collected in the refrigerated Servall centrifuge. The 
yield was about 60%, potency was about 550 U/Eoxo. 

Step 5—The precipitate from Step 4 was dialyzed in the 
cold room (approximately 5°) against 0.005 m sodium acetate 
buffer, pH 5.0 for 5 hours with stirring. The small precipitate 
was removed in the Servall centrifuge at 5°. The clear super- 
natant solution was frozen. It was chromatographed in por- 
tions of approximately 100 Esso (200 mg) on CM-cellulose col- 
umns (1.25 * 25 cm), which had been previously equilibrated 
with the same buffer. The first peak which emerged with the 
charging buffer was sharp and fairly symmetrical (Fig. 2). The 
middle part of the peak which had a fairly uniform activity 
throughout was pooled, the pH was adjusted to about 8 (7.5 
to 8.2) with 5 n NH,OH, the fraction was frozen and kept 
until a suffcient amount had accumulated to attempt crys- 
tallization. The second peak, emerging from the column with 
0.05 m buffer, contained about 700 U/E2s0 and may be re- 
worked through Step 4 to recover some inhibitor of higher 
potency. 

Step 6—Crystallization: The accumulated fraction with an 
activity of about 1000 U/E2s0 was thawed, adjusted to pH 
8, and precipitated with ammonium sulfate, 80% saturation. 
The precipitate was collected by centrifugation and was dis- 
solved in water to achieve a concentration, corresponding to 
an absorbancy at 280 my of about 10 (about 20 mg per ml). 
The pH was adjusted to 7.5 to 8.0 with 5 n NH,OH. Solid 
(NH4)2S8O, was added (4.3 g per 10 ml), and was followed by 
a saturated solution of (NH,4).SO, added dropwise until the first 
sign of turbidity. The precipitate was centrifuged off and dis- 
carded. Further addition of saturated (NH,).SO, to the clear 
supernatant solution induced silky appearance. The solution 
was allowed to stand at 5° for 24 hours in a desiccator over 5 
wn NH,OH. Crystallization was complete after that time. A 
photograph of the crystals is shown in Fig. 3. 

Whereas for successful crystallization the minimum potency 
must be around 1000 U/Eog0, the activity of crystalline sam- 
ples was found to vary from 1000 to 1200 U/Eozso. Reerys- 
tallization was carried out in exactly the same manner as the 
first crystallization. When the activity of the first crystals was 
relatively low, it improved slightly upon recrystallization. The 
extent of purification and the yield at various steps are illus- 
trated in Table I. 

Physical Properties of Inhibitor—Fig. 4 shows electrophoretic 
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Fic. 1. Chromatographic pattern of inhibitor solution (Step 3). 
Column 2.5 X 22 em of DEAE-cellulose (Solka-Floc) equilibrated 


with starting buffer. Eluent was a sodium phosphate buffer of 
indicated molarity and pH. Flow rate was about 5 ml per hour. 
Abscissa: milliliters of eluent; left ordinate: ——, absorbancy at 
280 mu; right ordinate; O---O, potency, U/Ex». The shaded 
area represents the fraction used for further purification. 


O823/M 


60 120 I80ML. 
.OO}SM 
pHI5O pH|50 
Fic. 2. Chromatographic pattern of the solution of inhibitor 
(Step 5). Column 1.25 & 25 em of CM-cellulose equilibrated with 
starting buffer. Eluent was a sodium acetate buffer of indicated 
molarity and pH. Other conditions as in Fig. 1. 


Fic. 3. Crystalline trypsin inhibitor from bovine blood plasma. 
One division of the scale represents 10 microns. 


patterns of the inhibitor. The major peaks were rather sym- 
metrical at all pH values examined and only a small amount 
of a faster moving component was present. Fig. 5 shows the 
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TABLE I 
Extent of purification of blood plasma 
Trypsin inhibitor 
Fraction Yield 
A 
% 
Whole plasma 100 
Step 1 55 45 
Step 2 120 20 
Step 3 350 17 
Step 4 550 10 
Step 5 1100 6 
Step 6 1100 4 
pH385 pH 48 pH 86 


DESCENDING 


ASCENDING 


Fic. 4. Electrophoretic patterns of purified (Step 5) plasma 
trypsin inhibitor (1,000 U/E.).. pH 3.85, Na acetate buffer 0.1 
M, protein concentration 1.42%, 290 minutes, 4.03 volts per cm; 
pH 4.8, Na acetate buffer 0.1 M, protein concentration 1.60%, 45 
minutes, 9.95 volts per cm; pH 8.6, barbiturate buffer 0.1 mM, pro- 
tein concentration 1.60%, 151 minutes, 5.9 volts per cm. 


pH 


Fic. 5. The pH-mobility curve of plasma trypsin inhibitor. 
Mobility in em? sec volt7!. 


pH-mobility curve. The isoelectric point of the inhibitor is 
somewhat below 3.85, but in view of the very low solubility 
in the neighborhood of the isoelectric point it could not be 
accurately determined. 

Sedimentation velocity studies were made with a Spinco model 
KE analytical ultracentrifuge? equipped with a thermister tem- 


2 This work was done in the Department of Chemistry, Purdue 
University, by Dr. E. J. Williams, to whom we express our grati- 
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Fic. 6. Sedimentation patterns of a solution of crystalline in- 
hibitor in 0.1 M sodium acetate buffer, pH 4.05. Rotor speed was 
59,780 r.p.m. 


perature control and Philpot-Svensson optical system. Kel-F 
cell centerpieces were used throughout. Trautman plots (21) 
were used to determine the ratio of sedimentation coefficient 
(s) to diffusion coefficient (D) at two inhibitor concentrations 
(0.62 and 1.60%) in 0.1 M sodium acetate buffer, pH 4.05. The 
molecular weight obtained with the (s:D) ratio extrapolated 
to infinite dilution was 71,000. Both the ultracentrifugal pat- 
terns (Fig. 6) and Trautman plots indicated that the prepara- 
tion was homogeneous. 

The partial specific volume (0.72 ml per g) was obtained 
utilizing a 5 ml pycnometer. There may be some uncertainty 
concerning this value since partial denaturation, which is likely 
to occur at pH 4.0, would tend to increase the partial specific 
volume. Sedimentation constants (890.w) were determined in the 
acetate buffer (pH 4.05) and in 0.1 m phosphate buffer (pH: 
6.85), according to standard procedure. The value at pH 4.05 
was 4.0 8 and at pH 6.85 3.3 8. The respective nonideality 
coefficients (A) as determined from plots of the inverse sedi- 
mentation coefficients against concentration were 0.42 and 0.066. 
A value for the diffusion constant (D30.0) of 4.8 x 10-7 cm? per 
sec was obtained in the acetate buffer by dividing the value of 
the sedimentation constant by the (s:D) ratio at infinite dilu- 
tion. All measurements were made at 20°. 

The ultraviolet spectrum of a solution of inhibitor in water, 
in a concentration of 1 mg per ml (corrected for moisture) 
showed a maximum at 278 mu. The absorbancy at 280 my 
is 0.513. This value has been used for calculating inhibitor 
concentration from absorbancy. The absorbancy is of the 
same order of magnitude as found for trypsin inhibitors of bo- 
vine and swine colostra (22, 23) and indicates a low content 
of tyrosine and tryptophan. 

Chemical Properttes—Chemically, the inhibitor is a mucopro- 
tein which gels readily near pH 4.0. It gives a positive an- 
throne reaction and contains 13.1% nitrogen, determined by 
the micro-Kjeldahl method. This value is similar to the val- 
ues reported for ovomucoid 13.3 (24) and 13.1 (25). Although 
no quantitative determinations of sugars have been made, the 
resemblance to ovomucoid is strengthened by qualitative iden- 
tification of several giucosidic components. 

One hundred milligrams of plasma inhibitor (Step 5) were 


tude. We are also grateful to Professor J. F. Foster for making 
his excellent facilities available to us. 

3 Recently, Gray et al. (36) reported the value of 72,000 (sedi- 
mentation diffusion) for the molecular weight of purified trypsin 
inhibitor from bovine blood. The antitryptic activity of their 
preparation is equivalent to 650 U/Eo» (our units). 
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TABLE II 
Solubility in 2.5% trichloroacetic acid 


T Inhibi 5% trichlor-| E2s0/ml of Remaining 
Cy ml ml ml % 
2.0 2.0 1.00 4.0 0.049 9.8 
2.0 2.0 0.67 4.0 0.056 16.7 

2.0 2.0 1.67 4.0 0.778 93.1 
3 
zo 
PLASMA INHIBITOR, UG/ML. 


Fic. 7. The effect of crystalline plasma trypsin inhibitor on 
trypsin as measured by the potentiometric method at 25° with 
TAMe?‘ as substrate (final concentration in system TAMe 0.02 mM 
pH 7.9, buffer 0.004 m Tris, 0.032 m NaCl, 0.016 m CaCl). All 
tubes contained 4.75 wg per ml of trypsin and indicated amounts 
of inhibitor. 


digested with pepsin for 27 hours at 37°. An equivalent sam- 
ple of ovomucoid, prepared according to Fredericq and Deutsch 
(26), was treated similarly. The digests were dialyzed against 
50 ml of water, overnight. The dialyzates were lyophilized, 
and chromatographed on paper according to Partridge (27), in 
a system composed of n-butanol (45 volume for volume), etha- 
nol (5 v/v), water (49 v/v), and ammonia (1 v/v). The pa- 
pers were stained according to Elson and Morgan (28, 29) 
or according to Trevelyan et al. (30). No carbohydrate was 
detected. The dialyzed residues were then hydrolyzed in 1 N 
H.SO, for 6 hours at 100°. Sulfate was removed with barium 
hydroxide, and the filtrates were concentrated under reduced 
pressure. Considerable gelatinous material was present in the 
hydrolysate of blood inhibitor and was removed by filtration. 
The soluble part of the hydrolysate and the ovomucoid hy- 
In both hydrolysates 
galactose, glucosamine, mannose, and N-acetylglucosamine were 
identified. 

A puzzling observation of Collier (31) that the addition of 
crude trypsin inhibitor from Ascaris to trypsin results in the 
formation of a complex which no longer is insoluble in 2.5% 
trichloroacetic acid was also reproduced with our inhibitor. 
Table II shows the results of an experiment in which trypsin 
alone, crystalline inhibitor alone, and the mixture of both were 
exposed to trichloroacetic acid, and were centrifuged in Servall’s 
centrifuge for 15 minutes at 10,000 r.p.m. The absorbancy at 
280 mu was measured before addition of trichloroacetic acid, 


4The abbreviation used is: TAMe, 
nine methyl ester. 
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UG/ML. 


O 40 80 120 
PLASMA INHIBITOR U/ML. 

Fiac. 8. Effect of plasma trypsin inhibitor on a-chymotrypsin, 

measured by the casein digestion method. Concentrations of 


a-chymotrypsin are indicated above the curves, concentration of 
plasma inhibitor on the abscissa. 


&-CHYMOTRYPSIN INHIBITED, 


and in the supernatant solution after centrifugation. Whereas 
both components were almost entirely precipitated with tri- 
chloroacetic acid, most of the complex remained soluble. 
Action against Trypsin—The inhibitor reacts with trypsin at 
pH 8.0 instantaneously and stoichiometrically regardless of the 
degree of purity, except for the original blood plasma (32). 
Fig. 7 illustrates the results obtained with the crystalline in- 
hibitor. With a trypsin concentration of 4.75 wg per ml, 4.6 
ug of trypsin were inhibited by 7.47 wg of plasma inhibitor, 
leaving 0.15 wg per ml of free trypsin in the solution. Assuming 
a molecular weight of 24,000 for trypsin, the dissociation of 


the complex, calculated according to Green and Work (33) is 


K = 2.04 * 10-!°, and is of the same order of magnitude as 
found by Green and Work for the complex of trypsin and pan- 
creatic trypsin inhibitor of Kunitz and Northrop (10). 

From Fig. 7 the equivalence point is calculated as 1.62 yg 
of inhibitor equal to 1 yg of trypsin. On the basis of the as- 
sumption that the complex is composed of 1 molecule of trypsin 
of molecular weight 24,000 and 1 molecule of inhibitor, the 
molecular weight of the inhibitor is calculated as 38,900. 

Action against Other Proteolytic Enzymes—In agreement with 
our previous findings on partially purified blood plasma inhibi- 
tor (34), chymotrypsins a and B are inhibited by the crystalline 
inhibitor. Both enzymes form highly dissociable complexes 
with the blood inhibitor. An experiment with chymotrypsin ~ 
a is illustrated in Fig. 8. These findings do not agree with the 
results obtained by Bundy and Mehl (8) on _ partially pu- 
rified inhibitor from human plasma, which was reported to react 
stoichiometrically with both chymotrypsin a and trypsin. The 
observed difference may be due to species specificity. 

The action toward elastase was also tested (Fig. 9). The 
inhibition appears to be stoichiometric, but the complex dis- 
sociates considerably (100-fold) more than the inhibitor-trypsin 
complex. No evidence of temporary inhibition (35) of elastase 
was found. 

From physiological considerations the action against plasmin 
appeared particularly interesting. At optimal conditions for 
activity study (pH 8.9) considerable autolysis of plasmin was 
observed. Applying a correction for autolysis it was found 
that the inhibition of plasmin by the blood inhibitor is a slow 
reaction requiring 30 minutes to reach apparent equilibrium. 
This equilibrium remains undisturbed for at least 3 hours. 
Again, no evidence for temporary inhibition was found. 
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Fic. 9. The effect of plasma trypsin inhibitor on crystalline 
elastase, measured by the casein digestion method: 1% casein in 
0.1 N NasCO;-HCl buffer, pH 8.8, incubation at 37° for 20 minutes. 
O——O, 50 ug per ml of elastase and indicated amounts of trypsin 
inhibitor; @——@, 15 ug per ml of elastase. 
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Fic. 10. The effect of plasma trypsin inhibitor on glycerol-ac- 
tivated plasmin as measured by the potentiometric method with 
TAMeas substrate (TAMe 0.02 m, 0.004 m Tris buffer pH 8.9 at 25°). 
O——O and Q@—— 9, 0.734 mg per ml of plasmin; @——@, 0.473 
mg per ml of plasmin and indicated amounts of plasma trypsin 
inhibitor. 


The plot of inhibitor concentration against plasmin concen- 
tration is shown in Fig. 10. The equivalence point corresponds 
to 30 units of inhibitor (48.6 wg per ml) = 473 wg per ml of 
plasmin or 1 yg of inhibitor = 9.73 ug of plasmin. The dis- 
sociation constant (10-*) is of a similar order of magnitude to 
that of elastase-plasma inhibitor complex. Inhibition of plas- 
min was previously observed with partly purified trypsin inhib- 
itor from bovine blood (5, 6) but not with inhibitor from human 
blood (7), again suggesting species specificity. 


DISCUSSION 


The discrepancy between the molecular weight obtained by 
sedimentation-diffusion (71,000), and by the activity method 
(39,000) remains unexplained. Two alternatives have to be 
considered. First, plasma inhibitor may behave in solution in 
the range of pH values studied (4 to 6.85) as a dimer, whereas 
in the presence of trypsin it dissociates, and reacts with tryp- 
sin as a monomer. Second, one molecule of inhibitor may re- 
act with 2 molecules of trypsin. 
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The sample which was investigated in the sedimentation -dif- 
fusion studies (original activity of 1100 U/Eoeso) was first run 
at pH 4.0 (near the isoelectric point); it was then recovered, 
and run at pH 6.85. After the completion of this work, the 
sample was tested for activity, and was found to contain 600 
U/E2s0, in good agreement with the molecular weight of 71,000, 
Numerous observations in this laboratory have indicated that 
prolonged exposure of plasma inhibitor to pH 4 or lower re- 
sults in considerable loss of activity, but the kinetics of acid 
inactivation have not been systematically studied. In view of 
the above coincidence in values, additional, modified alterna- 
tives should be considered, namely, that the exposure to acid 
either produces an irreversible dimerization, or destroys the 
second active site on the inhibitor molecule. 

In order to decide between these alternatives much larger 
amounts of the crystalline inhibitor must be accumulated and 
the trypsin-plasma trypsin inhibitor complex must be prepared. 
Extension of the present studies along these lines is contem- 
plated for the near future. 


SUMMARY 


The acid-labile trypsin inhibitor from bovine blood plasma 
has been crystallized. The purification procedure consisted of 
fractionation by (NH,).SO, and chromatography on substituted 


celluloses. 
The inhibitor is a mucoprotein resembling ovomucoid in car- 


bohydrate composition. The crystalline inhibitor reacts with 
trypsin stoichiometrically, forming a stable complex with a low 
dissociation constant. The inhibitor reacts with elastase and 
plasmin forming complexes which dissociate much more read- 
ily. The formation of the complex with plasmin is a slower 
reaction. With chymotrypsins a and B the inhibitor forms 
highly dissociable complexes. 
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Studies of the comparative properties of proteins and en- 
zymes from closely related species are receiving increasing at- 
tention as an approach to understanding the relationships be- 
tween molecular structures and functions (1). Outstanding 
examples of these are the studies on the hemoglobins by Pauling 
et al. (2) and the studies on ribonucleases by Anfinsen et al. 
(3). The purpose of this approach is to utilize the similarities 
or differences provided by nature in the proteins or enzymes 
from closely related species as a tool. By so doing, the in- 
vestigator may be able to differentiate between those parts of 
the molecule which are important for the biological, chemical, 
or physical characteristics of the molecule and those parts which 
are less important. Such an approach is similar in purpose 
to the use of chemical and physical means to modify proteins 
for study. 

The eggs of different avian species offer an excellent area 
for comparative biochemical research. This is true not only 
because of the wide variety of species but also because a num- 
ber of very similar eggs may be obtained from the same bird. 
Furthermore, considerable study has already been made of the 
biologically active proteins of chicken egg white (4, 5). 

One of the more interesting constituents of egg white is ovo- 
mucoid. Chicken ovomucoid has been identified as an inhibi- 
tor of trypsin (6). Although it has not been crystallized, it 
is easily isolated in apparently essentially pure form and the 
assay of biological activity (trypsin inhibition) is readily con- 
ducted (7). Ovomucoid inhibits trypsin by the formation of 
an equimolar complex, and this complex is relatively stable for 
the periods which are necessary to conduct many biochemical 
experiments (6, 8). In addition to the ovomucoid in chicken 
egg white, Matsushima et al. (9) recently reported another in- 
hibitor of a proteolytic enzyme which they named the ovo- 
inhibitor. The ovoinhibitor was reported to inhibit microbial 
proteolytic enzymes prepared from Bacillus subtilus var. biotecus 
and an unidentified Aspergillus. 

Indications as to the quantities of the ovomucoids, or ma- 
terials resembling ovomucoids, in the whites of the eggs of dif- 
ferent avian species have been given by the electrophoretic 
studies of Bain and Deutsch (10), and of Sibley and Johns- 
gard (11), and by the trypsin inhibitor assays of MacDonnell 


* Published with the approval of the Director as Paper No. 998, 
Journal Series, Nebraska Agricultural Experiment Station. 
These studies were supported in part by grants from the United 
States Public Health Service No. E-916 (C4) and A-2421-A and a 
fellowship to R. E. Feeney from the San Diego Zoological Society. 


et al. (12). Apparently the only ovomucoid other than chicken 
which has received much study is that of the duck. These 
studies of chicken and duck ovomucoids concerned their rela- 
tive stability to heat (13) and their comparative nutritional 
effect (14). The present work was stimulated by the recent 
report from this laboratory that duck eggs are more resistant 
than chicken eggs to deteriorative changes during incubation 
of infertile eggs (15). 

In the present study, the ovomucoid fractions from the egg 
whites of eleven different avian species have been examined. 
The ovoinhibitors of chicken and turkey egg white have also 
been studied. Major differences were found in the biological 
properties of these proteins. In contrast to chicken ovomu- 
coid, one ovomucoid was found to inhibit chymotrypsin pri- 
marily, others inhibited equal molar amounts of trypsin and 
chymotrypsin simultaneously, while still other ovomucoids were 
found to inhibit 2 moles of trypsin and 1 mole of chymotryp- 
sin per mole simultaneously.! 


EXPERIMENTAL 


Sources of Egg Whites—The eggs of the common domestic 
fowls were obtained locally and the eggs of the less common 
species were obtained at the San Diego Zoo, San Diego, Cali- 
fornia. All eggs were refrigerated within 24 hours of being 
laid. In most cases, the egg whites were separated within 2 
days of refrigeration of the eggs, and the whites were shipped 
and stored in the frozen state. Preparation of the egg whites 
for isolation purposes consisted of carefully blending the whites 
followed by dialyzing against the starting buffer, 0.1 Mm acetic 
acid-ammonium hydroxide of the desired pH. The insoluble 
precipitate which formed was removed. 

Preparation and Use of Ion Exchange Agent—CM-cellulose, 
containing 0.6 meq. of titratable groups per g, employed in 


this study was prepared by the method of Peterson and Sober 


(16). A wood cellulose, Solka-Floe BW200 and BW20 ob- 
tained from the Brown Company, was used in preparation of 
this exchange agent. DEAE-cellulose Type 20 containing 0.6 
meq. of titratable groups per g was purchased from the Brown 
Company. 

As previous.y described (5), purification of the proteins em- 
ploying the cellulose ion exchange agents was accomplished by 


1 This study constitutes one particular phase of a general pro- 
gram in the comparative biochemistry of the avian egg whites and 
egg-white proteins. More extensive and general studies will be 
published elsewhere. 
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elution with buffers of stepwise changes in pH values prede- 
termined by separate experiments using stepwise and gradient 
elution procedures. 

Analyses—Total nitrogen was determined by micro-Kjeldahl 
gnalvsis. Estimations of protein in fractions were routinely 
obtained by measuring the optical densities of the eluate at 
980 mu with a Beckman model DU spectrophotometer. 

Tryptophan was determined chemically (17) and both tyro- 
sine and tryptophan were determined spectrophotometrically 
(18). Sialic acid content of the proteins was determined by 
the method of Warren (19) and by use of Ehrlich reagent as 
given by Werner and Odin (20). The sialic acid used for a 
standard for these assays was a crystalline product prepared 
from E. coli.? 

Reagents—The enzymes used in this study, trypsin and chy- 
motrypsin, were purchased from the Worthington Biochemical 
Corporation. The trypsin was a twice crystallized product con- 
taining approximately 50% magnesium sulfate. It contained 
47.6°% trypsin as calculated on a nitrogen content of 16.1% 
for pure trypsin (21). Standard solutions of trypsin were pre- 
pared on the basis of this nitrogen content and were made 
up daily in 0.004 m acetic acid and 0.02 m CaCle The chy- 
motrypsin (a-chymotrypsin) was an activated, three times crys- 
tallized chymotrypsinogen preparation containing 15.0% N. 
The enzyme was used as received and made up daily in 0.004 
m acetic acid and 0.02 m CaCl. The Nagarse crystalline pro- 
teinase was obtained from Nagase and Company, Ltd., Osaka, 
Japan, through the Biddle Sawyer Corporation, 20 Vesey Street, 
New York. 

The trypsin substrate, TAMe,* and the chymotrypsin sub- 
strate, BTE, were purchased from Mann Research Laboratories, 
Inc. Part of the BTE used in this study was synthesized in 
this laboratory essentially according to the procedure of Fox 
(22) which he presented for the synthesis of benzoyl-L-diodo- 
tyrosine ethy] ester. 

Trypsin Inhibitor Assays—Trypsin inhibitor assays were done 
with the use of a Beckman model DU spectrophotometer con- 
nected to a Bristol’s Dynamaster recording potentiometer 
through a Beckman energy recording adapter, model 5800, as 
has been described (7) with slight modifications as given be- 
low. The reaction mixture in the cuvette of the spectropho- 
tometer consisted of 0.3 ml of a solution containing 333 yg 
of trypsin per ml in 0.004 M acetic acid and 0.02 mM CaCl, plus 
0.0 to 0.7 ml of solution containing 150 ug per ml of inhibitor 
in 0.006 m Tris buffer, pH 8.2, and 0.7 to 0.0 ml of Tris buffer 
to bring the volume to 1.0 ml. Two milliliters of the substrate- 
buffer-indicator solution (0.02 m TAMe, 0.015 m Tris-HCl! buffer, 
and 0.015% m-nitrophenol, respectively, with a final pH value 
of 8.2) were added to the cuvette just before starting the re- 
corder. The speed of the chart was 4 inches per minute. Cal- 
culation of activities is as previously given (7). 

Chymotrypsin Inhibitor Assays—Chymotrypsin assays were 
performed essentially by the same method as the trypsin in- 
hibitor assays described above. The reaction mixture in the 
cuvette of the spectrophotometer consisted of 0.3 ml of a solu- 


2 Sialic acid (an acyl-substituted neuraminic acid) was kindly 
supplied by Dr. Saul Roseman and Dr. D. G. Comb, University 
of Michigan, and was prepared from a strain of Escherichia coli. 

3 The abbreviations used are: TAMe, p-toluenesulfonyl-arginine 
methyl ester; BTE, benzoyl-.-tyrosine ethyl ester. 
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tion of chymotrypsin (333 ug per ml) in 0.004 Mm acetic acid 
and 0.02 mM CaCl, plus 0.0 to 0.7 ml of a solution containing 
150 wg of inhibitor per ml in 0.006 m Tris buffer at pH 8.2, and 
0.7 to 0.0 ml of Tris buffer to bring the volume to 1.0 ml. To 
this were added 2 ml of substrate-buffer-indicator solution (0.008 
M BTE, 30% methanol, 0.0075 m Tris-HCl buffer, and 0.01% m- 
nitrophenol with a final pH value of 8.2) and the recorder started. 
The speed of the chart was 2 inches per minute. Activities 
were calculated in the same manner as previously described 
for trypsin inhibitor activity (7). 

Protease Inhibitor Assay with Casein Substrate—Inhibitor as- 
says with casein as substrate were performed essentially as 
given by Sale et al. (23), and by Wu and Laskowski (24). 

Physical Analyses—Diffusion experiments were carried out in 
a portable electrophoretic apparatus (American Instrument Com- 
pany, Inc.) at 20-22°. Diffusion constants were routinely cor- 
rected to 20° and partial specific volumes were determined ac- 
cording to Bull (25). These determinations were made at 30°. 
Sedimentation analyses were performed in a Spinco model E 
ultracentrifuge. Paper electrophoretic analyses were performed 
with the use of horizontal strip apparatus employing a con- 
stant current for 16 to 20 hours. 


RESULTS 


Fractionation and Purification of Ovomucoid—Initial fractiona- 
tions of the egg whites of all species studies were performed 
on CM-cellulose. Columns of this exchange agent, consisting 
of 4 g of CM-cellulose per g of egg-white protein to be frac- 
tionated, were equilibrated with 0.1 M acetic acid titrated to 
pH 4.3 with NH,OH. Quantities of 4 to 10 g of exchange 
agent were used as columns with a diameter of 2 em and lengths 
appropriate to the amounts of CM-cellulose employed. Larger 
quantities of exchange agent (15 to 100 g) were used as short, 
compact columns on Buchner funnels of the appropriate size. 
In both cases, dialyzed egg white (0.1 M acetic acid-NH,OH, 
pH 4.3) was run through the exchange agent. Elution was 
performed with the same buffer. With all the whites investi- 
gated, primarily only ovomucoid was unadsorbed and passed 
directly through the exchange column, whereas all of the other 
proteins were adsorbed. These ovomucoid fractions were then 
refractionated between pH 3.5 and 4.3 to separate different 
types of ovomucoids and to remove impurities. DEAE-cellu- 
lose was employed to remove small traces of apoprotein from - 
the ovomucoid when present. The ovomucoid fractions equi- 
librated at pH 4.3 (0.1 M acetic acid-NH,OH) were run through 
a short column of DEAE-cellulose (approximately 10 g of ex- 
change agent per g of apoprotein). Under these conditions, 
the majority of the ovomucoid passed directly through the ex- 
change agent unretained. The adsorbed apoprotein and ovo- 
mucoid containing a relatively high percentage of sialic acid 
were then eluted at pH 3.5 with 0.1 mM acetic acid-NH,OH in 
1 mM NaCl. When this mixture was refractionated on CM-cel- 
lulose starting at pH 3.5, ovomucoid passed directly through 
the exchanger while the apoprotein was adsorbed. 

The purified ovomucoids were subjected to paper electro- 
phoretic analysis employing 0.1 M sodium acetate-acetic acid, 
pH 4.5, as the buffer and also at pH 6.9 employing 0.1 I/2 
potassium phosphate buffer for 16 hours at 8 milliamperes. In 
all cases, the presence of contaminating proteins was not evi- 
dent. 
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TABLE I 
Properties of chicken ovomucoids and proteinase inhibitor 
Ovomucoid prepared by 
Ovoin- 
Property ‘Trichlo Elution from CM-cellulose hibitor 
acetone 
method | | «fae 
pH of peak elution...... 3.5) 4.1 4.4 5.1 
10.8 10.8 | 11.8 | 12.3 12.7 
Tyrosine, % (spectro- 
photometric).......... 3.8 2.8) 3.5 2.9 5.7 
Tryptophan, % (spec- 
trophotometric)....... 0.5 0.5 0.6 0.5 0.9 
Tryptophan, % (chem- 
Sialic acid, %*.......... 0.5 4.1 0.6 0.4 | <0.1 
Relative trypsin inhibi- 
tor activity®.......... 1.0 0.9) 1.1 1.1 0.8 
Relative chymotrypsin 
inhibitor activity?..... <0.05 <0.05 <0.05) <0.05 0.9 


* Fraction passed through CM-cellulose unadsorbed at this pH 
value. 

’ The exact percentage of sialic acid in each fraction prepared 
by the use of CM-cellulose varied with the conditions of separa- 
tion. 

¢ Chicken ovomucoid prepared by the trichloroacetic acid 
method of Lineweaver and Murray (6) and corrected to 13.3% 
nitrogen was used as the relative standard. When the figures are 
multiplied by 0.9, the values obtained are approximately equiva- 
lent to the mg of trypsin inhibited per mg of inhibitor. 

4 Duck ovomucoid (Peking) was used as the relative standard. 
When the figures are multiplied by 0.9, the values obtained are 
approximately equivalent to the mg of chymotrypsin inhibited 
per mg of inhibitor. 


TABLE II 
Physical properties of chicken and duck ovomucoid 
Ovomucoid® 
Property 
Chicken Duck 

Sedimentation constant, 820° 2.49 2.50 
Diffusion constant (20°), cm? 7.7 X 107 8.1 XK 10°77 

sec! 
Apparent partial specific vol- 0.71 0.73 

ume, ml g™ 
Molecular weight, g mole 27 X 108 28 X 10% 


@ The chicken ovomucoid was a composite fraction eluted from 
pH 3.5 to 4.4. The duck (Peking) ovomucoid was unadsorbed on 
CM-cellulose at pH 4.1. 

* Determinations were made on 1°% solutions of the respective 
proteins; values were not corrected to infinite dilution. 

© Averages of two determinations. 


Inhibitors from Chicken Whites—When chicken egg white was 
fractionated on CM-cellulose starting at pH 3.5, four fractions 
were obtained which possessed trypsin inhibitor activity. These 
included three ovomucoid fractions and, the fourth, the ovo- 
inhibitor recently reported by Matsushima (9). The principal 
difference detected among the ovomucoid fractions was their 
content of sialic acid as seen in Table I. This variation in 


Vol. 235, No. 6 


sialic acid content was reflected in their respective pH values 
of elution from CM-cellulose. As initially eluted, the fraction 
unadsorbed at pH 3.5 comprised approximately 1% of the total] 
ovomucoid and each of the other two fractions comprised ap- 
proximately 50% of the remainder. The exact amount of gj- 
alic acid in each fraction varied slightly with each preparation 
and hence further work would be needed to prove homogeneity 
of each fraction. Somewhat larger quantities of the high gj- 
alic acid ovomucoid fraction (that unadsorbed on CM-celluloge 
at pH 3.5) were prepared essentially by the procedure recently 
reported for isolation of the apoprotein of the egg-white flavo- 
protein (26). This fraction of ovomucoid was reported there 
as an unidentified acidic protein. This procedure, which em- 
ployed DEAE-cellulose, had several advantages. The main 
advantage was that much less exchanger was needed to iso- 
late a gram of this fraction since primarily only the flavopro- 
tein-apoprotein and the high sialic acid ovomucoid are retained 
on the DEAE-cellulose in the initial step while the other pro- 
teins of egg white are unadsorbed. When CM-cellulose wag 
employed for direct isolation, only the high sialic acid ovo- 
mucoid was unadsorbed by this exchanger and all the other 
egg-white proteins had to be retained. 

The fourth of the fractions possessing trypsin inhibitor ac- 
tivity was eluted between pH 4.9 to 5.5. In contrast to the 
ovomucoid fractions which were obtained in a nearly pure state 
in a single step, the ovoinhibitor contained three other pro- 
teins, none of which were any of the well characterized egg- 
white proteins. Refractionation on both CM-cellulose and 
DEAE-cellulose did not result in a completely homogeneous 
protein. As a result, trichloroacetic acid and acetone were em- 
ployed as outlined by Matsushima (9) to obtain a protein which 
was homogeneous as indicated by paper electrophoresis in sev- 
eral buffers at different pH values. 

Table I shows some chemical and biological properties of the 
chicken ovomucoid prepared by trichloroacetic acid-acetone pre- 
cipitation, of the three ovomucoid fractions isolated, and of 
the ovoinhibitor. As can be seen, the ovomucoid fractions and 
the trichloroacetic acid-acetone prepared protein were all simi- 
lar to each other except for differences in contertt of sialic acid. 
In contrast to the ovomucoids, the ovoinhibitor was eluted above 
pH 5 and had a higher tyrosine content, little or no sialic acid, 
and most significantly, was found to inhibit both trypsin and 


chymotrypsin. 


Inhibitor from Duck Egg White—The ovomucoids isolated 
from both Peking duck egg white and from Khaki Campbell 
duck white were studied in detail. The ovoinhibitor present 
in chicken egg white appeared to be absent or present in very 
low concentration in duck white. 

In Table II are given some physical properties of Peking 
duck ovomucoid compared to chicken ovomucoid. The mean 
sedimentation values, diffusion constants, and apparent specific 
volumes are similar. The calculated molecular weights of 27,000 
and 28,000 for chicken and duck ovomucoid, respectively, are 
close to the values reported for chicken ovomucoid (7). Con- 
centration of the proteins in the above sedimentation and dif- 
fusion analyses was 1%. The values given were not corrected 
to infinite dilution. 

Chemical and biological properties of the duck ovomucoids 
are given in Table II]. Comparison of the chemical properties 


with those of chicken ovomucoid as shown in Table I indi- 
cates a similarity in elution pH from CM-cellulose, in nitro- 
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TaBLeE III 
Comparison of the ovomucoids of different avian species 

| 

pH of Spectrophotometric Relative of 

Species N Sialic acid inhibitor sin? inhibitor acting 
Tyrosine | Tryptophan activity |, 
% % % % %e 
Poking duck. ..............-58 6. 4.1¢ 12.7 5.7 0.8 <0.3 <0.1 2.0 1.0 2 
Khaki Campbell duck........... 4.1¢ 12.6 5.1 0.5 <0.3 <0.1 2.0 1.0 2 
3.5¢ 12.4 2.9 0.6 <0.3 4.4 0.8 0.9 1 
3.5-4.1 11.1 2.8 0.6 <0.3 2.8 0.8 0.8 1 
SESE ELLE 4.1-4.3 11.7 3.4 0.4 <0.3 1.9 0.9 0.9 1 
4.3¢ 12.6 2.9 0.7 0.3 0.9 1.0 1 
DEAE 4.7 0.7 <0.3 1.7 1.5 <0.05 >30 
LEE 4.1¢ 11.6 4.8 0.6 <0.3 <0.1 1.7 <0.05 >30 
DEAE 12.9 6.3 0.9 0.3 10.6 1.9 0.9 2 
4.1¢ 10.8 4.4 0.6 0.4 3.6 1.2 0.6 2 
Golden pheasant................ 4.3¢ 13.2 4.0 0.6 0.6 0.3 1.0 <0.3 

4.1¢ 4.2 0.5 <0.3 5.4 1.0 <0.1 >10 
Red jungle fowl................. 4.3¢ 3.5 0.7 <0.3 0.8 0.8 <0.1 >8s 
California valley quail.......... 4.3¢ 4.9 0.7 <0.3 1.4 0.9 2 
Painted quail................... 4.3¢ 4.0 0.6 <0.3 0.4 0.7 <0.1 >7 


¢ Chicken ovomucoid prepared by the method of Lineweaver and Murray (6), corrected to 13.3% N, was used as the standard. Fig- 


ures for other ovomucoids expressed on a dry weight basis. 


+ Duck ovomucoid (Peking) was used as the standard. Figures expressed on a dry weight basis. 
¢ Fraction passed through CM-cellulose unadsorbed at this pH value. 


gen, and in low tryptophan content. However, the duck ovo- 
mucoids contained approximately twice the tyrosine content 
of chicken ovomucoids and very little or no sialic acid com- 
pared to variable amounts in the chicken ovomucoids. 

Duck ovomucoid differed extensively from chicken ovomu- 
coid in its inhibitory activity (Fig. 1). Curves A and C rep- 
resent the curves obtained for chymotrypsin and trypsin in- 
hibition by chicken ovomucoid. Extrapolation to the abscissa 
of the linear portions of these and other curves given below 
approximate the amount of inhibitor required to inhibit the 
amount of enzyme present. Since the molecular weights of 
chymotrypsin, trypsin, chicken ovomucoid, and duck ovomu- 
coid (21) are approximately the same, the ug of enzyme in- 
hibited per ug of inhibitor are approximately equivalent to the 
moles of enzyme inhibited per mole of inhibitor. As _previ- 
ously reported, chicken ovomucoid possessed very little or no 
chymotrypsin inhibitory activity (24) (Curve A). Also as pre- 
viously reported (7), 100 ug of trypsin were inhibited by ap- 
proximately an equal weight of chicken ovomucoid, indicating 
a 1:1 molar complex. 

In this study, the results represented by Curves B and D 
were obtained for duck ovomucoid. Curve B indicated that 
100 ug of chymotrypsin were inhibited by an equal weight of 
duck ovomucoid, again indicating a 1:1 molar complex. On 
the other hand, Curve D showed that 100 ug of trypsin were 
inhibited per 50 ug of duck ovomucoid. In this instance, a 
2:1 molar complex of trypsin and duck ovomucoid was indi- 
cated. Thus, it appeared, in contrast to chicken ovomucoid 
which inhibited only trypsin as a 1:1 molar complex, duck 
ovomucoid would inhibit chymotrypsin as a 1:1 molar com- 
plex and would also inhibit trypsin by forming the 2:1 molar 
complex. 

Inhibitors from the Egg Whites of Different Avian Species— 
The results given in the previous section concerning duck ovo- 
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MICROGRAMS OF CHICKEN OR DUCK OVOMUCOID 
Fig. 1. Activity of 100 ug of trypsin or chymotrypsin in the | 


presence of increasing amounts of chicken or duck ovomucoid. 
Conditions for assay are given under methods. 


mucoid stimulated extension of this comparative biochemistry 
study to include the ovomucoids of 9 other avian species. Chem- 
ical characteristics and biological activities of these ovomucoids 
are presented in Table III. In general, the conditions for ad- 
sorption and elution of these ovomucoids from CM-cellulose 
or DEAE-cellulose were approximately the same as for chicken 
or duck ovomucoids. In addition, all of the ovomucoids had 
similar nitrogen contents and very low tryptophan contents. 
Some variations were noted in the tyrosine content and in the 
sialic acid content of the various ovomucoids. In addition, the 
fractions of ovomucoid from the egg white of certain species 
also varied in sialic acid content. For example, the three frac- 
tions of turkey ovomucoid varied in sialic acid content simi- 
larly to chicken ovomucoid, although the content was signifi- 
cantly higher. 

Extensive differences were observed in the biological prop- 
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Fic. 2. Activity of 109 yg of trypsin or chymotrypsin in the 
presence of increasing amounts of duck ovomucoid. Four hun- 
dred micrograms of trypsin were added in the reaction mixture for 
Curve A, and 400 ug of chymotrypsin were added in the reaction 
mixture for Curve D. For details see text. 


erties of the different ovomucoids. As apparent from Table 
III, the ovomucoids may be divided approximately into four 
classes on the basis of their inhibitory activities. First, the 
ovomucoids which inhibit primarily trypsin are those from goose, 
cassowary, red jungle fowl, painted quail, and chicken. Next, 
the only ovomucoid thus far found which inhibits primarily 
chymotrypsin was that from golden pheasant. Third, the ovo- 
mucoids which will inhibit approximately equal molar amounts 
of trypsin and chymotrypsin were those from turkey and guinea, 
and the fourth class, the ovomucoids which inhibit twice as 
much trypsin as chymotrypsin, were those from duck, emu, 
and California valley quail. Sedimentation constants obtained 
for the turkey, guinea, and golden pheasant-ovomucoids in- 
dicate that the turkey and guinea ovomucoids form equal molar 
complexes with trypsin or chymotrypsin and that the golden 
pheasant ovomucoid forms an equal molar complex with chy- 
motrypsin. 

“‘Multiheaded” Inhibitors—As a result of finding that some 
of the ovomucoids would inhibit either trypsin or chymotryp- 
sin, it was necessary to determine, if possible, whether the same 
inhibitor sites were involved or whether the site of trypsin 
inhibition was distinct from the site of chymotrypsin inhibi- 
tion. One approach available was to determine the inhibition 
of one enzyme in the presence of high concentrations of the 
other enzyme. Such an approach was possible through the use 
of the specific synthetic substrates, TAMe and BTE for tryp- 
sin and chymotrypsin, respectively. Results of one such ex- 
periment are presented in Fig. 2. Curves A and B represent 
percentage activity of 100 ug of chymotrypsin in the presence 
of increasing amounts of duck ovomucoid. Curve A was ob- 
tained in the presence of 400 wg of trypsin. Similarly, Curves 
C and D represent percentage activity of 100 wg of trypsin. 
Curve D was obtained in the presence of 400 ug of chymotryp- 
sin. These results indicate: (a) The sites of trypsin inhibition 
are distinct from the site of chymotrypsin inhibition, (6) both 
enzymes may be inhibited simultaneously, and (c) the molecu- 
lar complex consists of two trypsins, one chymotrypsin and 
one duck ovomucoid. Extension of the investigation to the 
other ovomucoids indicated that those of turkey, guinea, emu, 
and California valley quail each have several distinct inhibi- 
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tory sites. Inhibition of both trypsin and chymotrypsin ov-curgs 
simultaneously, and excess of one enzyme does not effect in- 
hibition of the other enzyme. 

Further evidence for the simultaneous inhibition of trypsin 
and chymotrypsin by duck ovomucoid was obtained by the 
use of a mixed substrate of TAMe and BTE. The activity 
of the enzyme-inhibitor complex of two trypsin, one chymo- 
trypsin, and one duck ovomucoid molecules was much lower 
than an equivalent amount of either enzyme on the mixed 
substrate. 

Physical Studies of Enzyme-Inhibitor Mixtures—Further eyi- 
dence for the enzyme-ovomucoid complexes was obtained 
through the use of paper electrophoresis. For these analyses, 
0.1 I'/2 potassium phosphate buffer at pH 6.9 was employed 
and the analyses were run at 8 milliamperes for 16 hours. In 
all cases, 0.02 ml of the enzymes, ovomucoids, or enzyme-ovo- 
mucoid mixtures prepared in the buffer was placed on the paper 
strips. The concentration of ovomucoid was 1°% in all cases, 
The enzyme-ovomucoid mixtures given below contained addi- 
tional amounts of enzymes on a weight basis. 

A single spot for the chicken ovomucoid-trypsin (1:1) mix- 
ture was obtained. This was easily distinguishable from the 
spot for trypsin or chicken ovomucoid alone and moved to an 
intermediate position. Analyses of the chicken ovomucoid-chy- 
motrypsin (1:1) mixture did not show a new spot but showed 
only the presence of two spots corresponding to those for chy- 
motrypsin and chicken ovomucoid. Both the duck ovomucoid- 
trypsin (1:2) mixture and the duck ovomucoid-chymotrypsin 
(1:1) mixture gave single spots which were distinguishable from 
one another and the individual components of the mixtures. 
In the case of the duck ovomucoid-trypsin (1:2) mixture, how- 
ever, a trace of a second component was observed which might 
correspond to the 1:1 duck ovomucoid-trypsin complex. The 
duck ovomucoid-trypsin-chymotrypsin (1:2:1) mixture gave a 
single spot which was indistinguishable from the duck ovomu- 
coid-trypsin (1:2) mixture or to chymotrypsin alone. Finally, 
the duck ovomucoid-trypsin-chymotrypsin (1:1:1) mixture gave 
two spots. These corresponded to the duck ovomucoid-chy- 
motrypsin (1:1) mixture and the duck ovomucoid-trypsin-chy- 
motrypsin (1:2:1) mixture. 

The golden pheasant ovomucoid-chymotrypsin (1:1) mixture 
gave one spot distinguishable from the spots of the chymo- 
trypsin or golden pheasant ovomucoid alone as expected from 
the biological data. In contrast, the golden pheasant ovomu- 
coid-trypsin (1:1) mixture gave two spots corresponding to 
trypsin and golden pheasant ovomucoid, respectively. These 
observations are the reverse of those obtained with chicken ovo- 
mucoid as would be expected from the enzymatic studies. 

Further evidence for the enzyme-inhibitor complexes was fur- 
nished by ultracentrifugal analyses. Sedimentation patterns 
for duck, chicken, and golden pheasant ovomucoids and _ for 
several enzyme-ovomucoid mixtures are presented in Fig. 3. 
In all instances, the final protein concentration was 1%. The 
buffer employed for Pattern A and B was 0.1 M sodium ace- 
tate-acetic acid in 0.1 m KCl at pH 4.5. For the remaining 
analyses described, the buffer was 0.1 m Tris-HCl in 0.1 m NaCl 
at pH 8.5 except for Pattern G which was obtained in 0.01 mM 
Tris-HCI] in 0.01 Mm NaCl at pH 8.5. The speed of the rotor 
was 52,640 r.p.m. Only a single ultracentrifugal analysis was 
made in most cases. The sedimentation constants for the golden 
pheasant (Pattern F, 1.8 S) and for the turkey and guinea 
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ovomucoids, 2.0 S and 2.1 8S, respectively (not shown in Fig. 
3), are somewhat lower than for duck or chicken ovomucoids 
(Patterns A and B, respectively). This does not necessarily 
indicate lower molecular weights in the former cases since cal- 
culations of molecular weights depend also on other physical 
measurements. Only single components were noted in each 
ease, but more detailed studies would be necessary to prove 
homogeneity by this criterion. 

Examination of the patterns obtained for the enzyme-ovo- 
mucoid mixtures indicates single peaks in all cases where com- 
plexes were expected from the biological and electrophoretic 
studies described above. This is apparent from Pattern C and 
G, duck ovomucoid, trypsin, and chymotrypsin in a 1:2:1 mix- 
ture; Pattern D, duck ovomucoid and trypsin in a 1:2 mix- 
ture; and Pattern E, chicken ovomucoid and trypsin in a 1:1 
mixture. In addition, the calculated sedimentation constants 
increase in magnitude in the order which would be expected. 
The enzymes involved here have reported sedimentation con- 
stants which are similar to the ovomucoids (27). Another analy- 
sis not shown in Fig. 3 gave a calculated sedimentation con- 
stant for a duck ovomucoid-chymotrypsin mixture of 3.5 S and 
a single peak. This is in contrast to the results with the mix- 
ture of chicken ovomucoid and chymotrypsin where no com- 
plex was expected (Pattern H). No increase in sedimentation 
constant was obtained over chicken ovomucoid alone, and an 
unsvmmetrical peak was obtained. 

Inhibitor Content of Various Avian Egg Whites—In Table IV 
are given the percentage inhibitory activity against trypsin and 
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Fic. 3. Ultracentrifugal patterns for certain ovomucoids and 
enzyme-ovomucoid mixtures. See text for details. Patterns are 
as follows: A, duck ovomucoid; B, chicken ovomucoid; C and G, 
duck ovomucoid-trypsin-chymotrypsin (1:2:1); D, duck ovomu- 
coid-trypsin (1:2); F, chicken ovomucoid-trypsin (1:1); F, golden 
pheasant ovomucoid; and H, chicken ovomucoid-chymotrypsin 
(1:1). Minutes indicated are the lengths of time run at 52,640 


r.p.m. and figures on the patterns are the calculated sedimentation 
constants. 
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TaBLeE IV 
Trypsin and chymotrypsin inhibitor activity of 
egg whites of different avian species 


Relative | Relative | Approximate 
{trypsin |chymotrypsin| inhibitor activity, ovomucoid 
% % % 
Chicken.......... 13 2.6 5 11 
Peking duck...... 33 20 1.6 | 18 
Khaki Campbell 
Geass. 39 18 2 19 
16 15 1 15 
Guinea........... 23 20 1 21 
24 1.9 12 15 
47 22 2 | 22 
Golden pheasant. 8 19 0.4 | 19 
Cassowary..... 30 3.2 9 | 30 
12 10 | 
i 


@ Chicken ovomucoid prepared by the method of Lineweaver 
and Murray (6), corrected to 13.3% N, was used as the standard. 
Figures calculated on a dry weight basis. 

’ Duck ovomucoid (Peking was used as the standard). Fig- 
ures were calculated on a dry weight basis. 

¢ Estimated from assays on whites and relative activities of 
preparations of ovomucoids. 


percentage inhibitory activity against chymotrypsin of various 
avian egg whites employing chicken ovomucoid and duck ovo- 
mucoid as the respective standards. The percentage activities 
obtained in this study do not agree with those obtained in earlier 
studies on some of these whites (12, 14). These disagreements 
might be explained in that different substrates were used in 
these studies. Table IV also gives the ratios of inhibitory ac- 
tivities against trypsin and chymotrypsin for the different whites. 
In general, these ratios agree with the ratios obtained for the 
respective isolated ovomucoids (see Table II). The ovomu- 
coid contents of the whites (calculated on the basis of the 
biological activity of the isolated ovomucoids) indicated chicken 
white to contain the least amount and cassowary white to 
contain the highest amount. The amount of ovoinhibitor of 
only the chicken and turkey were considered in these calceu- 
lations since the amounts present in the other whites have not | 
been established. 

Additional Observations—A bacterial proteolytic enzyme mar- 
keted as Nagarse was found to be inhibited by duck ovomucoid 
as well as by the ovoinhibitor which had been previously re- 
ported (9). This enzyme has very slow activity on BTE com- 
pared to equal amounts of chymotrypsin and apparently no 
activity on TAMe. A study of the effect of Nagarse proteinase 
on the inhibition of trypsin or chymotrypsin by duck ovomu- 
coid gave the following results: (a) Inhibition of trypsin in 
the presence of 4 times the amount of Nagarse (on a weight 
basis) was uneffected, (6) inhibition of chymotrypsin in the 
presence of 4 times as much Nagarse (on a weight basis) was 
reduced approximately 40%, and (c) equal amounts of Nagarse 
(on a weight basis) with chymotrypsin caused only an approxi- 
mate 20% reduction in inhibition of chymotrypsin. Evidence 
supporting these data was obtained by paper electrophoresis 
with the methods described above for the other enzyme-in- 
hibitor complexes. 
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DIAGRAMMATIC REPRESENTATION OF THE 
ENZYME-INHIBITOR COMPLEXES 


CHICKEN GOLDEN PHEASANT TURKEY DUCK 
OVOMUCOID OVOMUCOID OVOMUCOID OVOMUCOID 
SKETCH 1 


Casein was also used as the substrate for trypsin or chy- 
motrypsin instead of TAMe and BTE, respectively. In gen- 
eral, the same amounts of inhibitor were required to inhibit 
the enzymes as found with the synthetic substrates. Excep- 
tions were found with guinea ovomucoid and chicken ovoin- 
hibitor. Approximately 2 to 3 times as much of these inhibi- 
tors was required to inhibit chymotrypsin when casein was 
employed as a substrate as when BTE was employed. The 
significance of these observations has not been further inves- 
tigated.‘ 


DISCUSSION 


A variety of inhibitors of proteolytic enzymes has been studied 
including the chicken ovomucoid (5), chicken ovoinhibitor (9), 
pancreatic inhibitor (24), soybean trypsin inhibitor (24), the 
ascaris inhibitor (28), and the proteolytic enzyme inhibitors of 
animal sera (29). Most of these, however, have been found 
to be either inhibitors of trypsin or to have varying activities 
against trypsin and chymotrypsin and activity against bacte- 
rial proteolytic enzymes. 

A “multiheaded’”® inhibitor with simultaneous inhibitory ac- 
tivity against more than one proteolytic enzyme was implied 
by Wu and Laskowski (24) for soybean trypsin inhibitor. Even 
in this instance, inhibition of molar quantities of both tryp- 
sin and chymotrypsin B was not obtained. Thus, perhaps the 
duck ovomucoid is the first inhibitor of this type actually es- 
tablished. On the other hand, Green (28) has reported the 
isolation of an impure mixture of proteins as possibly con- 
taining the first example of a specific inhibitor of chymotryp- 
sin. There is a question as to whether this preparation had 
two inhibitors present, as was suggested, or whether the in- 
hibitor was of the multiheaded variety. Thus, the ovomucoid 
of golden pheasant egg white is at least one of the few pro- 
tein inhibitors known to inhibit primarily chymotrypsin. 

The existence of the multiheaded inhibitors appears well sup- 
ported by biological, electrophoretic, and ultracentrifugal studies. 
However, future work perhaps should consider other criteria 
for the existence of these inhibitors. Diagrammatic presenta- 


4 Further studies have shown that duck ovomucoid may also 
inhibit less than two trypsins (between one and two) with casein 
as a substrate depending upon the conditions of the experiment. 

5 The term ‘‘multiheaded”’ inhibitor is used in a fashion similar 
to the term ‘‘multiheaded’”’ enzyme as has been recently used by 
Racker and Krimsky (30). 
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tion of the types of enzyme-inhibitor complexes demonstrated 
in this study are given in Sketch 1. Although this presenta- 
tion is only diagrammatic, the equal size of the circles is in- 
dicative of the similarity in the molecular weights of the enzyines 
and inhibitors involved here. In addition, the lack of over- 
lapping of the circles indicates that the site of inhibition of 
one enzyme is distinct from the site of inhibition of the other 
enzyme and that simultaneous inhibition of both enzymes may 
occur. 

Other results indicated that both chymotrypsin and Nagurse 
proteinase are inhibited by duck ovomucoid but that these en- 
zymes appeared to occupy the same site or closely adjacent 
sites on the inhibitor. This might be interpreted to mean that 
the combination site (active site?) of Nagarse proteinase is more 
similar to that of chymotrypsin than to that of trypsin. The 
comparative results with casein and BTE as substrates for 
chymotrypsin would indicate that the type of substrate, in 
certain cases, may effect the amount of inhibition caused by 
any particular inhibitor. 

Variable amounts of sialic acid in the several fractions of 
chicken ovomucoid as well as in the ovomucoid fractions of 
other species have apparently not been reported previously. 
The results of a detailed investigation of the distribution of 
sialic acid in these fractions will appear elsewhere. 


SUMMARY 


The ovomucoids from eleven different avian species have been 
isolated and studied in detail. Particular attention has been 
focused on their respective biological properties. The ovomu- 
coids were all somewhat similar as to the conditions for elu- 
tion from carboxymethyl] cellulose, low nitrogen content, and 
the low content or absence of tryptophan in these proteins. 
Variable amounts of sialic acid in the ovomucoid fractions pre- 
pared from the egg white of a given species have been found. 
The types of biological activity of the ovomucoids may be 
divided into four classes on the basis of their inhibitory activity: 
First, ovomucoids which inhibit primarily trypsin; second, ovo- 
mucoids which inhibit primarily chymotrypsin; third, ovomu- 
coids which inhibit equal molar amounts of trypsin and chymo- 
trypsin, separately or simultaneously; and fourth, ovomucoids 
which inhibit twice as much trypsin as chymotrypsin, separately 
or simultaneously. The latter two classes of inhibitors were 
considered to be ‘‘multiheaded” in their biological action. 

The calculated ovomucoid contents of eight avian egg whites 
of different species are given. 
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In 1951 Adams and Smith (1) showed that two different pro- 
teinases were present in the pituitary gland. With denatured 
hemoglobin as substrate, the enzymes catalyzed maximal hy- 
drolysis at pH 3.8 and at pH 8.2; they were designated as pro- 
teinase I and II, respectively. The two enzymes were further 
distinguished by the observation that only proteinase II was in- 
hibited by phosphate and heavy metal ions. In an effort to 
establish the substrate specificity, a variety of synthetic endo- 
and exo-peptidase substrates were tested, but no evidence of 
hydrolysis by the proteinases I or I] could be obtained. 

The function of the proteinases in the pituitary is unknown; 
however, their presence in an organ the main function of which is 
to synthesize and secrete protein hormones is suggestive of sev- 
eral possible roles. It is conceivable that these enzymes may 
participate in some phase of synthesis, storage, or secretion of 
the hormones. For an indication of their possible function, it 
seemed necessary first to establish the effect of the proteinases 
on the biological activity of the different pituitary hormones. 
To this end, highly purified proteinase I has been prepared by 
methods described in this paper and its effect on the biological 
activity of growth hormone and prolactin has been studied. In 
addition, data are presented regarding the properties of pro- 
teinase I and its action on the peptide bonds of growth hormone 
and prolactin. 


EXPERIMENTAL METHODS 


Assay of Proteinase I Activity—The substrate consisted of 
denatured horse hemoglobin buffered at pH 4.0 and was prepared 
essentially as described by Anson (2). The concentration of 
hemoglobin was 2°, urea 5.4 Mm, and the buffer was 0.018 m 
Na2C2H302-HC2H;02, pH 4.0. Before incubation with the sub- 
strate, all enzyme fractions were first activated fully by adjusting 
a distilled water solution of the enzyme to pH 4.0 and incubating 
at 40° for 40 minutes. The assay was then performed by adding 
1.0 ml of the preincubated enzyme to 1.0 ml of the substrate 
solution and allowing digestion to proceed for 20 minutes at 40°. 
The solutions were then placed in an ice bath and 2.0 ml of 5% 
trichloroacetic acid were added. Control tubes were prepared 
in the same way except that the trichloroacetic acid was added 
before incubation. To insure the absence of turbidity in sub- 
sequent filtrates all of the solutions were placed in a water 
bath at 40° for 20 minutes after which the protein precipitates 


* This work supported in part by research grant A-1313 from — 
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were removed by filtration. The filtrates were diluted with 3 
volumes of water and the optical density measured at 280 mu. 
The specific activity was obtained from the difference in ab- 
sorbance between the diluted test and control filtrates divided 
by the milligrams of enzyme N per ml of the incubation solution. 
A difference of 0.1 in the absorbance of the filtrates using 1.0-em 
cuvettes, was taken as unit activity. The amount of hemoglobin 
hydrolyzed was directly proportional to the enzyme concentra- 
tion only to an optical density increment of 0.2 as first noted 
with crude proteinase I by Adams and Smith (1). Hence, in 
assaying for specific activity, concentrations of enzyme were 
used such that the optical density increment of the diluted fil- 
trates did not exceed 0.2. 

All enzyme purification steps were performed at 5°. Growth 
hormone potency was estimated from four-point parallel dose- 
response curves obtained by the 10-day body weight gain method 
(3). Injections of the growth hormone solutions were made in- 
traperitoneally in daily doses of 20 and 100 wg using six rats per 
dose level. The hormone was dissolved in saline and the pH of 
the solutions was between 7.5 and 9.0. The estimates of potency 
and fiducial limits were calculated by the methods outlined by 
Burn et al. (4). Prolactin potency was estimated by the pigeon 
crop sac weight method (5). The beef growth hormone and 
sheep prolactin used in these experiments were gifts of the En- 
docrinulogy Study Section, National Institutes of Health. 

Purification of Proteinase I—The starting material for the 
purification of proteinase I consisted of Fraction I1-3-2, which 
was obtained as a by-product from the purification of pituitary 
hormones according to a scheme reported earlier (6). Briefly, 
this protein fraction was obtained by the following procedure. 
Ground sheep pituitary glands were extracted overnight with 
0.1 Mm (NH,4).SO,4 at pH 7.5. The pH was then adjusted to 5.5 
and the suspension centrifuged. The supernatant solution was 
taken to pH 7.5 and (NH4).SO, was added to a concentration of 
2.2 mM whereupon most of the proteinase was precipitated. After 
dialysis and resuspension in 0.1 M KCl, a protein fraction was 
removed at pH 5.5, and growth hormone was precipitated with 
1.25 Mm (NH,)2SO, at pH 4.0. The resulting supernatant solu- 
tion contained proteinase I, and thyrotropic and luteinizing hor- 
mones. Thyrotropic hormone was removed by precipitation 
with metaphosphoric acid and luteinizing hormone by batchwise 
adsorption on IRC-50 buffered at pH 8.0 with 0.0105 m K,PO¢ 
0.0064 m Na.B,O;. Proteinase I remaining in the unadsorbed 
protein fraction (I1-3) was then precipitated with (NH,4)2SO, at 
a concentration of 2.8 m. The specific activity of such precip- 
itates ranged between 40 and 60 units per mg of N. 

With Fraction I1-3 as the source of material, proteinase I was 
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further purified as follows. To a 0.5 to 1.0% protein solution 
at pH 5.5 to 5.7, (NH4)2SO,4 was added to a concentration of 1.7 
wand the resulting precipitate removed. The proteinase in the 
supernatant solution was then precipitated at 2.75 Mm (NH4) SOx. 
The precipitate was resuspended in water under the same condi- 
tions as before and the crude enzyme was reprecipitated between 
2.0 and 2.75 Mm (NH,)2SO,. The specific activities and vields of 
the different fractions are summarized in Table I. 

Chromatography of Proteinase I on IRC-50—Proteinase | was 
further concentrated by adsorption on IRC-50 from buffers of 
low ionic strength at pH 6.1. A typical example of this pro- 
cedure is as follows. A column (3.3 XX 22 em) was packed with 
IRC-50 (200 to 300 mesh) previously equilibrated with 0.0033 m 
Na2HPO,.-0.02 Mm NaH»PO, buffer, pH 6.1. Three grams of 
proteinase I containing 400 units per mg of N, obtained by frac- 
tionation with (NH4)2SO, as already described, were applied to 
the column The protein fraction which emerged unretarded 
from the column amounted to 48° % of the applied protein and 
had a specific activity of 10 units per mg of N. The adsorbed 
enzyme was eluted by means of 0.15 M NasH PO,-0.15 mM NaH 2PO, 
buffer, pH 6.5. The enzyme emerged from the column after 14 
retention volumes and contained 920 units per mg of N. This 
fraction contained 75% of the applied proteinase activity in 33% 
of the applied protein. 

Chromatography on DEAE-Cellulose'—Proteinase I obtained 
from the IRC-50 column was further concentrated by chroma- 
tography on DEAE-cellulose. A column (1.9 X 37 cm) of the 
exchanger (0.6 meq of basic groups per g) was buffered with 0.014 
m KH.PO,-0.0062 m Na.B,O; at pH 7.6 to 7.7 and 900 mg of the 
proteinase (920 units per mg of N) dissolved in 3 ml of the buffer 
were applied to the column. The enzyme emerged after 1.5 
hold-up volumes in Peak 2 as shown in Fig. 1. The specific ac- 
tivities and yields of each component obtained by combining the 
tubes enclosed within the brackets shown in Fig. 1, are summa- 
rized in Table IT. 

Both the specific activities and yields of the various com- 
ponents varied according to the activity of the protein applied 
to the DEAE-column. When a preparation which contained 
only 108 units per mg of N was chromatographed, the first peak 
comprised 11% and the second 14° of the applied protein. The 
respective specific activities were 118 and 444 units per mg of N. 
The ultracentrifugation patterns of the preparations of 444 and 
the 2000 units are shown in Fig. 2. In the former preparation 
two components were present, whereas the latter preparation 
contained only a single component with an S of 3.5. These 
observations indicate that homogeneous preparations with an 
activity of 2000 units per mg of N can be obtained by the pro- 
cedure outlined only when the activity of the enzyme applied to 
the IR€-50 column is about 400 units per mg of N and to the 
DEAE-cellulose column, 800 units per mg of N. When the 
activity of the enzyme preparation to be fractionated on the 
IRC-50 column islessthan 400 units, refractionation with (NH,)2- 
SO, between 2.0 and 2.75 M is essential for the procurement of 
potent and homogeneous preparations. 

Properties of Purified Proteinase I—Free boundary electro- 
phoresis of the 2000-unit proteinase at pH 4.0, 5.5, and 6.8 in 
l'/2 = 0.1 buffers? revealed that the preparation was essentially 


' DEAE-cellulose is N,\NV-diethylaminoethy] cellulose. 

2? Buffers: 0.1 NaC2H ;02-0.45 m HC2H;O2, pH 4.0; 0.1 m NaC2- 
016 M HC2H;04, pH 5.5; and 0.025 mM NasHPO,-0.025 M 
NaH»PO,, pH 6.8. 
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TABLE I 
Distribution of proteinase I in (NH4)2SO, fractions 


Fraction Total units | 
1-3-2 60 11,100 ‘1.16 
1.7 mM ppt. 32 1,840 0.36 
2.75 M ppt. 140 | 9,200 | 0.41 
2.0 m ppt. 74 3,440 0.29 
2.75 M ppt. 368 4,400 | 0.075 
2.75 M supernatant 60 270 | 0.028 
2 
60- 
50- 
40- 
30- 
Biol 
T x 
= 
0.3- ‘ 
| 
0.1- 
20 60 100 140 220 260 380 420 
TUBE NO. 


Fic. 1. Chromatography of proteinase I on a DEAE-cellulose 
column (1.9 & 37 cm) buffered with 0.014 m KH2PO,-0.0062 m 
Na2B,O7, pH 7.6. Applied, 900 mg of protein (920 units per mg 
of N) dissolved in 3 ml of buffer. Flow rate: 3.8 ml per hour per 
em?. Effluent (1.2 ml) collected per tube and diluted with 3.0 
ml of water for measurement of ODo3. Peak 5 eluted with 1 mM 
KCl and 4.8 ml of effluent collected per tube. 


TABLE IT 


Specific activities and yields of fractions obtained from 
DEAE-cellulose column 


Fraction Specific activity | Activity yield 
% units/mg % 
(From IRC-50) 
1 308 0.9 
2 26.2 2000 54.3 
3 5.5 576 3.4 
4 1.2 432 0.2 
5 36.6 110 4.4 


homogeneous. ‘The isoelectric point was estimated to be at pH 
6.0. The preparation was also examined for homogeneity by 
electrophoresis on starch gel according to the method of Smithies 
(7). At pH 4.0, 6.8, and 9.5° the preparation appeared mono- 


3 Buffers: 0.012 m NaC:;H;0.2-0.044 M HC.H;02, pH 4.0; 0.003 M 
NazHPO,-0.003 mM NaH:PO,, pH 7.0; and 0.004 m NaOH-0.0096 m 
glycine, pH 9.5. 
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Fig. 2. Ultracentrifuge patterns of proteinase I after 64 minutes at 59,780 r.p.m. Specific activity of preparations in units per mg 
of N’at ‘left, 444, and, at right, 2000. Solvent, 0.01 m NaszHPO,-0.01 m NasHPO,-0.2 m NaCl; mean temperature, 26.5° 
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Fic. 3. Effect of pH on the activation of crude proteinase I at 


25°. 
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£20- 
a. 
xo) 
x 
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8 
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30 60 120 1Ig0 240 


MIN. INCUBATION 


Fic. 4. Activation of highly purified proteinase I at pH 4 and 
a temperature of 40°. Upper curve, freshly prepared proteinase 
I; lower curve, after 8 months storage at —20°. One ml of solu- 
tion, containing 10 wg of proteinase I, used for assay. 


disperse. From the ultracentrifugal and electrophoretic data it 
would appear that the 2000-unit proteinase is essentially homo- 
geneous; however, more extensive analysis would be required to 
establish rigorously the degree of purity. For present purposes 
it was felt the proteinase was pure enough to obtain unequivocal 
data regarding its effects on pituitary growth hormone and 
prolactin. 

Under ‘Assay of Proteinase I Activity” it was noted that 
proteinase I was first preincubated at pH 4.0 and a temperature 
of 40° to achieve maximal specific activity. This behavior has 
been consistently noted for enzyme preparations in all stages of 
purification. After preincubation, the specific activity of the 
enzyme generally increased between 40 and 60% above the level 
of the unincubated enzyme. The effect of pH on the activation 
of a crude preparation of proteinase I (42 units per mg of N) at 
a temperature of 25° is shown in Fig. 3. At pH 3.0, the activa- 
tion appears to be so rapid that it apparently was completed in 
the brief time interval between the pH adjustment and the addi- 
tion of the substrate and trichloroacetic acid. At pH 4.0, activa- 
tion was complete at 6 hours of incubation. At pH 7.0, there 
was essentially no change in activity after 24 hours, whereas at 
pH 9.8 the decline in activity can be taken to indicate that the 
enzyme is unstable in alkaline solutions. The activation pat- 
tern of a highly purified proteinase I (2000 units per mg of N 
after activation) was studied at pH 4.0 and a temperature of 
40°. It can be seen from Fig. 4 that activation was essentially 
complete at 40 minutes and that the specific activity increased 
from the unincubated level of 1320 units to 2000 in this time 
interval. Thereafter, the specific activity remained relatively 
constant decreasing by only about 10% after 24 hours of incuba- 
tion. With prolonged storage (approximately 8 months) in the 
lyophilized state at —20°, not only did the potency of the inac- 
tivated enzyme decrease by about 20 per cent, but a marked 
change occurred in the activation behavior. As can be seen 
from Fig. 4, only about 5 minutes were required to attain full 
activation and the maximal specific activity was only 1600 units. 
Since the preparation had been lyophilized from a solution of 
about pH 5.5 and contained nearly 10% moisture, it is probable 
that activation may have been occurring slowly in the “dry” 
state, especially when the preparation was warmed to room 
temperature to remove samples. 

During the activation process in solutions of’ pH 4.0 and at 
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temperature of 40°, there was a steady rise in ninhydrin reacting 
materials such that in 90 minutes of incubation the leucine 
equivalent increased by 0.112 umole per mg of proteinase while 
the specific activity increased from 1180 to 1600 units. The 
activation of the proteinase therefore appears to be associated 
with a proteolytic process, perhaps such as a conversion from a 
zymogen form or a hydrolysis of an inhibitor. The partial puri- 
fication of a pituitary pepsin inhibitor by Carsten and Pierce (8) 
presented an opportunity to test the activity of the inhibitor 
against proteinase I. When the specific activity of the unacti- 
vated proteinase was measured in the presence of a 40-fold excess 
of the inhibitor, by the denatured hemoglobin assay procedure, 
no change in specific activity was observed. 

Concurrently with the activation of proteinase I, there occurs 
a slight shift in the pH optimum as shown in Fig. 5. The unac- 
tivated enzyme has its optimum between pH 4.0 and 4.2, whereas 
after incubation for 40 minutes at pH 4.0 and 40°, the optimum 
shifted to pH 3.8 to 4.0. These pH optima closely approximate 
those first observed by Adams and Smith (1) for crude proteinase 
I from hog pituitaries. 

Various concentrations of cysteine (10-1 to 10-2? m), KCN 
(10-2 m), p-chloromercuribenzoate (10-4 m), and ethylenedi- 
aminetetraacetate (10-2 M) were without effect on the specific 


activity of proteinase I when tested by the denatured hemoglobin 


assay procedure. However, the enzyme was highly susceptible 
to inactivation by ethanol. Thus at pH 4.0 and 40°, about 
50% of the enzyme was inactivated within 5 minutes and all the 
activity was lost within 1 hour in the presence of 50% ethanol. 
This property of the enzyme was particularly evident when 
pituitary extracts were fractionated with ethanol at 5°. Under 
these conditions only about 10% as much activity can be re- 
covered compared to purification procedures using salt. 

Effect of Proteinase I on Growth Hormone—The effect of the 
action of highly purified proteinase I on the biological activity 
of growth hormone and the appearance of new H.N- and COOH- 
terminal groups resulting from digestion of the hormone were 
studied under the following conditions. A solution containing 
0.4% of growth hormone and 0.004% of the activated enzyme 
(2000 units per mg of N), prepared in distilled water, was incu- 
bated at 25°. After 0, 1, 3, 6, and 12 hours of digestion, aliquots 
were removed for bio-assay, and H2N- and COOH-terminal 
group analysis. For H.N-terminal group analysis, 2-ml aliquots, 
containing 0.0835 umole of growth hormone, were diluted with 
an equal volume of 0.2 m (NH,)2CO; giving a final pH of 8.6 to 
8.7. The protein was then vigorously stirred with 0.2 ml of 
dinitrofluorobenzene for 2 hours at 40°. After extraction with 
ether, the aqueous solution of the dinitrophenylated protein 
digest was freeze-dried, thereby removing the (NH,)2CO;. The 
dried dinitrophenylated protein digest was then submitted to 
hydrolysis with constant boiling HC! for 16 hours at 105°. After 
separation of the ether-soluble and acid-soluble dinitrophenylated 
amino acids, chromatography was performed by the method of 
Levy (9). Solutions containing mixtures of known amounts of 
amino acids were dinitrophenylated and chromatographed in the 
same manner to determine the factors necessary to convert 
optical density readings of the eluted dinitrophenylated amino 
acids to umoles. For COOH-terminal analyses, 2-ml. aliquots 


of the digested hormone were rendered slightly alkaline with 0.2 
ml of 0.2 m (NH,):CO; to terminate enzyme action and then 
freeze-dried. The samples were treated with 1 ml of 95+% 
hydrazine for 10 hours at 100° in sealed evacuated tubes. The 
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Fic. 5. pH activity curves for unactivated (lower) and acti- 
vated (upper) proteinase I. Aliquots (1 ml) containing 10 yg of 
enzyme were assayed using the hemoglobin substrate buffered at 
the indicated pH values. OD273 measured in trichloroacetic acid 
filtrates diluted with 3 volumes of water. 
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Fic. 6. Loss in growth hormone activity on digestion with 
proteinase I. Activities are expressed as a fraction of the undi- 
gested hormone activity at 0 hours. Vertical bars indicate fidu- 
cial limits of mean potency at p = 0.05. 
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subsequent procedure for COOH-terminal amino acid determina- 
tion was essentially that described by Niu and Fraenkel-Conrat 
(10). 

The loss in growth activity which occurs on treatment of 
growth hormone with proteinase I is shown in Fig. 6. It is 
clearly evident that growth hormone is rapidly inactivated by 
proteinase I, the half-life under the present conditions being 2 
hours. In the absence of the enzyme but otherwise under es- 
sentially the same conditions of pH and temperature, growth 
hormone activity remains unchanged (11). The increase in 
H.N-terminal groups after hydrolysis of growth hormone by 
proteinase I is shown in Fig. 7. In the order of greatest increase, 
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Fic. 7. Increase in H:N- and COOH-terminal amino acids 
(corrected for destruction due to hydrolysis) in bovine growth 
hormone during digestion with proteinase I. 
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the following terminal amino acids were detected: Leu (Isoleu) > 
Ser > Met > Ala = Phe, with traces of Tyr, Asp, and Lys. 
The undigested hormone (0 hour) contained 0.9 umole of Phe 
and of Ala H.N-terminal groups per umole of hormone (mol. 
wt. = 45,000) which is in good agreement with the data of Li and 
Ash (12); however, Thr, Val, and Leu were also present although 
only in trace amounts. The extraordinary sensitivity of growth 
hormone to the action of proteinase is indicated by the calcula- 
tion that only 2 to 3 peptide bonds have been hydrolyzed when 
50% of the activity has been lost. When 7 bonds were hydro- 
lyzed, 75% of the activity was destroyed. Analysis for COOH- 
terminal amino acids showed the appearance of the following 
amino acids in the order of their relative abundance: Leu (Iso- 
leu) > Phe > Ser > Ala, Asp, Gly, Glu. Their relative rates 
of formation are also shown in Fig. 7. The undigested hormone 
(0 hour) contained 0.95 umole of carboxyl terminal Phe per 
umole as originally observed by Li (13). 

The multiplicity of new amino acids appearing in the H.N- 
and COOH-terminal positions suggests that proteinase I is rela- 
tively nonspecific in its attack on the peptide bonds with respect 
to the class of the amino acid, t.e., whether aromatic, dibasic, etc. 
On the other hand, the hydrolysis of only about 7 bonds of the 
400-odd bonds in growth hormone in a period of 12 hours sug- 
gests the existence of a considerable degree of stereochemical 
specificity relative to the amino acid residues adjacent to the 
susceptible bonds. In any case, judging from the kind of new 
H.N- and COOH-terminal amino acids which appeared, the 
specificity of proteinase I appears to resemble that of pepsin 
(14, 15). However, when carbobenzoxy-glycyl-L-phenylalanine, 
carbobenzoxy-glycy]-L-phenylalaninamide, carbobenzoxy-glycy]- 
L-leucine, carbo- 
benzoxy-a-L-glutamyl-L-tyrosine, or carbobenzoxy-t-leucy]-.L- 
leucine amide were used as substrates (0.005 m), hydrolysis as 
measured with ninhydrin (16) could not be detected after incuba- 
tion at pH 4.0 for as long as 12 hours with 0.08 mg of enzyme N 
(2000 units per mg of N) per ml of substrate solution. It may 
be recalled that Adams and Smith (1) also observed that crude 
preparations of proteinase I were without effect on the usual 
synthetic substrates hydrolyzed by the pancreatic proteases. 
These data suggest that although proteinase I may possess a 
specificity similar to that of pepsin, more complex peptides may 
be required for hydrolysis to occur. With regard to action on 
synthetic substrates it should be noted that the concentration of 
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pepsin used by Bergmann et al. (17) was about 1.6 mg of N per 
ml, a concentration much greater than that of proteinase I used 
above. Limited supplies of proteinase I prohibited repeating the 
experiments at such concentrations. 

Effect of Proteinase I on Prolactin—A 0.4% solution of pro- 
lactin containing 0.2 mg of proteinase I per ml (152 units per 
mg of N) was incubated at pH 4.0 and 25°. Aliquots were re- 
moved at 0, 3, 6, and 10 hours and analyzed for H2N- and COOH- 
terminal groups by the same methods as used for growth hor- 
mone. Essentially the same new H.N-terminal amino acids 
were detected as with growth hormone with one exception. Val- 
ine appeared in appreciable amounts as one of the H.N-terminal 
amino acids, whereas no trace of it occurred in growth hormone 
digests. The following increments in H.N-terminal amino acids 
were present after 10 hours of digestion expressed as umoles per 
umole of prolactin and corrected for destruction due to hydrol- 
ysis: Leu (Isoleu), 2.3; Ser, 1.1; Val, 1.1; Asp, 0.54; Gly, 0.45; 
Ala, 0.52; Glu, 0.35; Met, 0.32; and Phe, 0.2. The following 
quantities of additional COOH-terminal amino acids were de- 
tected: Leu (Isoleu), 3.2; Ala, 1.1; Met, 0.87; Gly, 0.85; Ser, 
0.65; Phe, 0.60; and Glu + Asp, 1.0. The undigested hormone 
contained 0.98 umole of Thr in the H2N-terminal position but no 
carboxyl end group, in agreement with the observations of Li 
(18). Thus after 10 hours of digestion, 7 to 8 peptide bonds were 
severed. Bio-assay of this digest by the crop sac weight method, 
revealed that no trace of activity remained when assayed at a 
total dose of 1.0 mg. Under the same conditions but in the 
absence of proteinase I, prolactin activity remained unchanged. 


DISCUSSION 


Although the rate of inactivation of growth hormone was very 
rapid in the initial phase of digestion by proteinase I, there was 
comparatively little inactivation between 6 and 12 hours of 
digestion at which time 29 and 17 per cent, respectively, of the 
original activity still remained (Fig. 6). The residual activity 
might be due to the presence of some undigested hormone, or, 
alternatively, to a species of partially hydrolyzed molecules such 
as has been observed in chymotryptic digests of growth hormone 
(19). Since about 7 umoles of additional amino-terminal groups 
per umole of growth hormone were present after 12 hours of 
digestion, it would seem unlikely that the residual activity could 
be attributable to undigested hormone. In addition, electro- 
phoretic experiments which are currently in progress support this 
view since no electrophoretic component was found which cor- 
responded to the mobility of the native hormone. The retention 
of a residual activity after digestion with proteinase I is in con- 
trast to the complete loss of activity obtained with pepsin. 
Thus, Li et al. (19) observed a complete loss of growth hormone 
activity after digestion for 2 hours with a pepsin to hormone ratio 
of 1:300. 

With regard to the substrate specificity of proteinase I, there 
appears to be a resemblance between proteinase I and pepsin 
judging from the kinds and quantities of new H.N- and COOH- 
terminal amino acids which appeared in the growth hormone 
and prolactin digests. Recently, Dr. J. I. Harris of the Uni- 
versity of Cambridge has studied the action of proteinase I (2000 
units per mg of N) on peptides of known structure, namely pig 
and beef corticotropins (Armour). Using ionophoretic and 
chromatographic methods (20), the bonds indicated in the fol- 
lowing sequences were found to be hydrolyzed: 
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Corticotropin: 
30 31 32 33 «#434 35 36 37 «38 39 
(Pig): -Glu. Leu. Ala.Glu. Ala. Phe. Pro. Leu.Glu. Phe 
T 
(Beef): -Glu.Ser .Ala.Glu. Ala. Phe. Pro. Leu.Glu. Phe 
t t 


A small amount of hydrolysis was also detected on either side 
of Phe in the -his. phe.arg- sequence in the N-terminal region of 
the chain. Since the indicated peptide bonds are known to be 
cleaved by pepsin (21, 22), it would seem reasonable to assume 
tentatively that the substrate specificity of proteinase I is similar 
to that of pepsin. 

It is interesting to note that the sites of major cleavage which 
occurred at the -Leu. Ala- and -Phe. Pro- bonds with pepsin and 
proteinase I have also been observed with liver cathepsin (23). 
On the grounds of the similarity of action of proteinase I to 
pepsin and liver cathepsin, it would be expected that cortico- 
tropic activity would be retained after digestion with proteinase 
I, inasmuch as both pepsin and liver cathepsin do not cause in- 
activation under relatively mild conditions (23). This may ex- 
plain the well known stability of corticotropin in crude pituitary 
extracts which are mildly acid (pH 3 to 5) and are known to 
contain proteinase I; slightly alkaline extracts (pH 8 to 9), on 
the other hand, cause rapid inactivatian,‘ presumably due to 
the action of proteinase II (24). | 

The absence of hydrolytic action by proteinase I on the syn- 
thetic substrates is reminiscent of bovine lung proteinase de- 
scribed recently by Danenberg and Smith (25, 26). The enzyme 
they described catalyzed the formation of amino acid polymers 
from ethyl esters of certain amino acids. When pituitary pro- 
teinase I was tested by the same procedures (26), employing a 
wide range of enzyme concentrations, no polymerase activity was 
detected on the following amino acid esters at pH 6.8 or 7.4: 
methyl esters of L-tyrosine, L-tryptophan, L-phenylalanine, 
pL-serine; and L-glutamic acid diethyl ester and t-leucine ethyl 
ester. Hence, pituitary proteinase I differs from lung proteinase 
I in that it shows no polymerase activity although the ability to 
hydrolyze certain peptide bonds, namely, those on either side of 
phenylalanine, is common to both proteinases. 


SUMMARY 


The preparation of highly purified proteinase I from sheep 
pituitaries is described. By fractionation with (NH,4)2SO,, 
chromatography on IRC-50 and N,, N-diethylaminoethy]:cellu- 
lose, the enzyme has been obtained in an essentially homogeneous 
state as judged by electrophoresis and ultracentrifugation. The 
enzyme has an isoelectric point at pH 6.0 and an § of 3.5. For 
maximal specific activity, the enzyme required a short period 
of incubation at a pH of 4.0 and a temperature of 40°. When 
beef growth hormone and sheep prolactin were submitted to the 
action of proteinase I, both hormones were rapidly inactivated. 
Growth hormone, however, still retained about 17 % of its original 


4 Unpublished observations. 
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activity after 12 hours of digestion, whereas prolactin was com- 
pletely inactivated. Consideration of the H.N- and COOH- 
terminal amino acids which resulted from the action of proteinase 
I on these hormones and also on corticotropin, suggests that the 
substrate specificity of pituitary proteinase I resembles that of 
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Studies on Actin 


I. THE INTERACTION OF C*%-LABELED ADENINE NUCLEOTIDES WITH ACTIN* 


A. Martonosi,f M. A. Gouvea, AND J. 


From the Cardiac Biochemistry Research Laboratory, Department of Medicine, Massachusetts General 
Hospital and Harvard Medical School, Boston, Massachusetts 


(Received for publication, January 4, 1960) 


The demonstration of the invariable presence of adenosine 
5’-triphosphate in crude G-actin preparations, the loss of poly- 
merizability after removal of adenosine 5’-triphosphate, and the 
necessity of the presence of adenosine 5/-triphosphate during 
the depolymerization process in order to obtain polymerizable 
actin clearly established the fact that adenosine 5’-triphosphate 
has a stabilizing effect on G-actin. It has also been shown that 
the characteristic reaction of actin, its polymerization on the 
addition of salts, is accompanied by the dephosphorylation of 
adenosine 5’-triphosphate (2-4). 

The availability of the nucleotides present in G- or F-actin 
preparations for enzymatic phosphorylation or dephosphoryla- 
tion has been studied with a view of obtaining information about 
the interaction of the nucleotides with the protein. Although 
the ATP present in G-actin is easily dephosphorylated by a 
variety of enzymes (hexokinase (2, 3), apyrase (2), H-meromyo- 
sin (5)) the bound ADP of F-actin is completely inaccessible 
to the action of phosphorylating systems (5). 

This is consistent with the existence of an equilibrium be- 
tween free and bound ATP in G-actin but suggests a different 
type of binding of ADP to F-actin. Strohman has recently 
expressed the view, mainly based on experiments in which the 
ATP of G-actin was found nondialyzable, that no dissociation- 
equilibrium between nucleotide and protein exists and—the 
transphosphorylation—by the creatine phosphate-creatine ki- 
nase system—‘of the bound ADP takes place whilst the nu- 
cleotide remains bound to the protein’ (5). 

In order to gain further insight into these questions we stud- 
ied, with the use of C-labeled ATP and ADP, the binding of 
nucleotides to G- and F-actin and their exchangeability during 
the polymerization process. The results obtained show that 
the ATP bound to G-actin is readily exchangeable with the free 
ATP present in the system. The observed lack of exchange of 
ADP bound to F-actin suggests that in this case a different and 
much stronger nucleotide-protein interaction is involved. 


MATERIALS AND METHODS 


Actin was extracted according to Feuer et al. (6) and purified 
by ultracentrifugation according to Mommaerts (7). 


* This research was supported by grants from the National 
Heart Institute (H-1166), the Life Insurance Medical Research 
Fund, and the Muscular Dystrophy Associations of America. A 
preliminary report was presented at the 1959 meeting of the Bio- 
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F-actin was depolymerized by dialysis against ascorbic acid- 
ATP solution (40 mg per liter each) and repolymerized with 0.1 
mM KCl. In some experiments the ascorbic acid was left out 
without any detectable effect on the properties of the actin so 
obtained. 

Crystalline Na-ATP, sodium salt of ADP and AMP were 
purchased from Pabst Laboratories, ITP and IDP from the 
Sigma Chemical Company, and C4-ATP and from 
Schwarz Laboratories. 

For nucleotide analysis 5 to 10 ml of actin solution (protein 
concentration of about 6 mg per ml) were deproteinized with 5% 
trichloroacetic acid. Then 100 mg of charcoal were added to 
the supernatant and after washing three times with 15 ml of 
H,O, the nucleotides were eluted with a solution containing 25% 
ethanol and 0.75 m NH,OH. 

An aliquot of the eluate was applied to Whatman No. 4 paper 
and the nucleotides separated by descendent chromatography 
at room temperature using a mixture of isobutyric acid, con- 
centrated NH,OH solution, and H,O, 66:1:33, as solvent. The 
nucleotide spots detected in ultraviolet light were cut out and 
the nucleotides eluted with H.O for determination of radio- 
activity and ultraviolet absorption. The former was measured 
with an end window Geiger counter, the latter with a Beckman 
DU spectrophotometer. 

Protein determinations were carried out by a micro-Kjeldahl 
procedure. 


RESULTS 
Dialyzability of Nucleoside Phosphates 


In a salt-free solution, under ordinary conditions with the use 
of Visking cellulose membranes, ATP, ADP, ITP, and IDP 
are practically undialyzable. The corresponding monophos- 
phates dialyze extremely slowly. Addition of salts (0.1 m KCl, 
0.05 m MgCl., for example) restored the dialyzability of these 
substances. The impermeability of cellulose membranes to 
these nucleotides is probably attributable to charge effects. 

Surprisingly the penetration of ATP through cellulose mem- 
branes is somewhat faster in the presence of G-actin and this 
effect is strongly dependent on the dialysis fluid-G-actin volume 
ratio. With 50 to 60 volumes of dialysis fluid ATP is practically 
undialyzable even in the presence of G-actin, but with 2 vol- 
umes slow passage through the membrane takes place. Thus, 
the reported nondialyzability of ATP present in G-actin prepa- 
rations (5) could be due to the impermeability of cellulose mem- 
branes to ATP and cannot itself be taken as an indication of a 
“strong binding” between ATP and G-actin. 
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Collodion membranes prepared from U.S.P. collodion and 
successively washed in ethanol] and H.O are permeable to ATP 
in the absence of salts and, with this membrane, the ATP pres- 
ent in G-actin preparations appears to be freely dialyzable. 


Exchangeability of Bound Nucleotides of Actin 


1. F-actin—The exchangeability of the ADP bound to F-actin 
was examined by adding C'¥-AI)P or C4-ATP to F-actin solu- 
tions and determining, after equilibration and extensive dialysis, 
the specific activity of the nondialyzable nucleotides. 

As shown in Table I, the bound ADP of F-actin! did not ex- 
change to any significant extent with C-labeled ADP or ATP. 
The small incorporation of activity did not seem to depend on 
the time of equilibration and was probably due to nonspecific 
adsorption. This is supported by the fact that when unlabeled 
ADP was added before dialysis, the specific activity of the bound 
ADP was considerably reduced, without, however, increasing 
the amount of bound nucleotide. (See Experiments 7 and 7a 
in Table I.) 

2. G-actin—After addition of C4-ATP or C'%-ADP, G-actin 
solutions were equilibrated at 2° for various lengths of time 
ranging from 15 minutes to 24 hours. At the end of this period 
an aliquot was taken for the determination of the specific activ- 
ity of the nucleotides, and the rest of the material was poly- 
merized by adding 0.1 m KC] + 10-3 mM MgCl. After 2 hours 
at room temperature the polymerized solution was dialyzed in 
the cold as described above for F-actin and finally the specific 
activity of the bound nucleotides was determined. 

In view of the lack of significant exchange in F-actin, as 
shown above, any incorporation occurring in this type of experi- 
ment must have taken place in the G-actin stage or during the 
process of polymerization. As shown in Table II, with C4-ATP 
as tracer, 15 minutes of incubation with G-actin brings about a 
complete equilibration between bound and free nucleotides. 
With C%-ADP, a much smaller degree of incorporation is ob- 
served. 

The rate of exchange of the bound nucleotides in G-actin, and 
during the G-F transformation, was determined utilizing the 
fact that G- and F-actin are quantitatively precipitated at pH 
7.0 by 0.05 to 0.1 m MgCl, (8). The amount of the actin- 
bound nucleotide, calculated from the decrease in the nucleotide 
concentration after the removal of the Mg++ precipitate is about 
0.6 mole per 60,000 g of actin, a value somewhat lower than the 
estimate derived from other studies (4). If C“-ATP is added 
before the precipitation by Mg++, any decrease in the radio- 
activity of the supernatant must be due to incorporation of C*4- 
ATP into the nucleotide fraction bound to actin? and the percent 
of exchange is given by Aa/AC xX 100 where AC is the decrease 
in the nucleotide concentration expressed as % of the original 
concentration and Aa is the decrease in radioactivity expressed 
as % of the original activity. In experiments of this type the 
observed maximal apparent exchange amounted to 130%. 
However, this calculation does not take into account the pres- 
ence of ADP, which, on the basis of the evidence reported below, 
could not be bound, in G-actin preparations. The values of 


1 Paper chromatography revealed ADP as the only nucleotide 
present in F-actin. 

2 If C'4-ATP was added after precipitation with Mg** no decrease 
in radioactivity was observed in the supernatant after centrifuga- 
tion; this excludes an exchange in the precipitate. 

3 It can be shown that under these conditions the Donnan effect 
is negligible. 
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TABLE I 
Exchangeability of bound ADP of F-actin 


To F-actin solutions containing 4 to 6 mg per ml of protein, 
C'4*-ADP or C'4-ATP was added with a total activity of 6 to 7 
myc per ml. 

After incubation at 2° for periods indicated in the table, the 
sample was dialyzed for 48 hours against three changes of 50 to 
60 volumes of a solution containing 0.1 m KCl and 0.015 m PO, 
buffer, pH 7.0, in order to remove the free nucleotides. No radio- 
activity could be detected in the final dialysis fluid. 

The nucleotide content of the samples taken before and after 
dialysis and that of the dialysis fluid were adsorbed on charcoal 
and the specific activity was determined as described under 
‘‘Methods.’”’ In Experiment 7a 100 mg of unlabeled ADP per 10 
ml were added to actin before dialysis. Experiment 7 is a sample 
from the same experiment, but dialyzed without addition of 
ADP. 


Specific activity 
xperi- Ti f 
nucleotides | ADP of actin 
hrs c.p.m./umole % 

1 | C'ATP 24 1,040 51 4.9 
2 | C'“ATP 24 12, 357 1,540 12.4 
3 | C'“/ATP 24 11,500 | 2,200 19.1 
4 | C+.ATP 24 22,700 | 1,680 7.4 
5 | C'©ADP 20 1, 280 175 13.6 
6 | CADP 1 1,550 115 7.4 
7 | CADP 24 21,000 | 2,590 12.3 

7a C4-ADP 24 21,000 1,124 5.3 

TABLE II 


Exchangeability of bound ATP in G form 


To G-actin solutions containing 4 to 6 mg per ml protein vary- 
ing amounts of C!4-ATP or C'4-ADP were added followed by 
equilibration at 2° for periods indicated in the table. After equi- 
libration an aliquot was taken for the determination of the specific 
activity of nucleotides present in the equilibrium mixture. To 
the rest of the material 0.1 m KCl and 10-3? m MgCl. were added 
and the actin was allowed to polymerize for 2 hours at room 
temperature. The procedure for the removal of the free nucleo- 
tides and for the determination of the specific activity of the 
bound ADP is described in the legend of Table I and under 
‘‘Methods.”’ 


Specific activity 
xperi- 
nucleotide | ADP of actin 
hrs c.p.m./pmole % 

1 C'4*-.ATP 24 536 486 91 

2 C'4.ATP 0.33 8,400 8,900 106 

3 C'4-ATP 0.33 9,600 6, 800 71 

4 C14-ATP 0.33 1,040 1,000 96 

5 C'4-ATP 0.25 1,420 1, 280 90 

6 Ci4.A DP 24 1,435 623 43 

7 C'4-ADP 0.33 7,850 4,450 56 


maximal exchange can be brought in line with those given in 
Table II, viz. about 100%, if it is assumed that 27% of the 
nucleotide present in G-actin is ADP. This correction has 
been applied to all data presented below. 

By varying the time between the addition of the labeled nu- 
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Fic. 1. The time course of equilibration between C'4-nucleo- 
tides and ATP bound to G-actin. Three-milliliter samples of 
G-actin containing C'*-ATP or C't-ADP were incubated for time 
intervals shown on the abscissa. Protein concentration 4 to 6 
mg per ml. The total nucleotide concentration was determined 
in a l-ml aliquot. MgCl:, 1 m, 0.2 cc, was added to the remaining 
2 ml and the precipitate was immediately removed by centrifuga- 
tion at 15,000 X g for 5 minutes. Nucleotide concentration and 
radioactivity were determined directly in the supernatant. The 
extent of the equilibration of bound ATP was calculated as de- 
scribed in the text. Ordinate: % equilibration of the bound ATP 
of actin with the C'4-ATP or C'4-ADP added to the medium. Ab- 
scissa: Time in minutes. O C4-ATP; A——A, C'%-ADP. 


TABLE III 
Incorporation of C'4-ADP into actin 

To 20 ml of a G-actin solution, C't-ADP with a total activity of 
0.1 we was added. After 30 minutes of incubation the specific 
activity of the nucleotides present -was determined in an aliquot 
of 10 ml and the rest of the solution was polymerized by the 
addition of KCl, final concentration 0.1m. The specific activity 
of the ADP bound to F-actin was determined in the usual way. 


Material Specific activity 
c.p.m./pmole 
ATP, before polymerization................. 4,510 
ADP, before polymerization................. 10, 960 
ADP, bound to F-actin..................... 3,950 


cleotide and that of Mg++, the time course of equilibration of 
the bound ATP of G-actin can be obtained. With C'-ATP the 
equilibration reaches completion in about 5 minutes. With 
C“-ADP the time course of exchange is slower, and the final 
level corresponds to about 50% equilibration (Fig. 1). 

In order to throw light on the observed incorporation when 
C4.ADP was added, the specific activity of the bound ADP was 
compared with that of the free ADP and ATP immediately 
before polymerization. As shown in Table III, the specific 
activity of ATP reaches, in 30 minutes, a value essentially equal 
to that of the bound ADP. This suggests that the incorpora- 
tion from C"-ADP occurs by way of the formation of ATP, 
presumably owing to the presence of small amounts of myoki- 
nase in actin, and seems to rule out direct binding of ADP. 


Incorporation of C'*-ATP into Actin during 
Polymerization Process 


In view of the drastic difference between the interaction of 
G-actin and that of F-actin with adenine nucleotides, it seemed 
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of interest to obtain information about the exchangeability of 
nucleotides in various stages of the polymerization process, 
C4.ATP was added at various times after the start of the poly- 
merization and equilibrated for 15 minutes with the protein. As 
the time interval between the addition of KCl and C%-ATP 
increased less and less radioactivity appeared in the bound ADP 
fraction precipitated with MgCl,. The exchangeability became 
virtually zero after 15 minutes (Fig. 2). 

In connection with experiments published in an accompanying 
paper dealing with the possibility of a reversible equilibrium 
between G- and F-actin in partially polymerized actin solutions, 
we found that the F-actin components (defined as the material 
sedimenting at 90,000 x g in 3 hours) in such mixtures had the 
same nucleotide binding properties as the usual F-actin, 7.e. no 
exchange of the bound ADP with free C%-ATP or C%-ADP 
could be observed. 


KCI 


100- 


50; 


% EQUILIBRATION 


5 Te) 15 
MINUTES 

Fic. 2. Exchange of the bound nucleotides of actin with C"- 
ATP during the polymerization process. To 3 ml of G-actin solu- 
tion, C'4-ATP with a total activity of 0.2 uc was added 1, 5, 10, and 
15 minutes after the addition of KCl to a final concentration of 0.1 
M. Fifteen minutes after the addition of C'4-ATP a 1 ml aliquot 
was taken for the determination of the total nucleotide content, 
to the remaining 2 ml 0.2 ml of 1 Mm MgCle was added to precipitate 
actin. The extent of exchange was determined from the analysis 
of the supernatant as described in the legend of Fig. 1 and in the 
text. Ordinate: % equilibration. Abscissa: Time in minutes be- 
tween the addition of KCl and C'4-ATP. 


TaBLeE IV 


Formation of C'4-ADP from C'4-ATP during 
depolymerization of actin 

Ten to 30 ml of F-actin solution, 4 to 7 mg of protein per ml, 
containing 10-4 m C'4-ATP (specific activity 0.5 uc per mg) was 
depolymerized by dialysis for 24 hours against 50 volumes of 
distilled water. The contents of the dialysis bag were depro- 
teinized, and the activity of the nucleotides determined after 
charcoal adsorption, elution, and paper chromatography (see 
‘“‘Methods’’). The same amount of C'4*-ATP was added to the 
control and the activities of the nucleotides were determined 
after a 24-hour incubation at 2°. 


Control Dialyzed 
Experiment No. 
ATP ADP ATP ADP 
c.p.m c.p.m. c.p.m c.p.m 
1 715 830 615 940 
2 1100 1740 710 1160 
3 630 140 245 131 
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Depolymerization 


There exists, a priori, the possibility that during depolymeri- 
zation a synthesis of ATP takes place either (a) by transphos- 
phorylation from added ATP to bound ADP, or (6) by direct 
phosphorylation by inorganic P, as originally suggested by 
Straub and Feuer. 

The first possibility was tested by depolymerizing F-actin 
containing C'4-ATP by dialysis against H.O. If all the bound 
ADP of F-actin were to be rephosphorylated by C4-ATP during 
the depolymerization process under the conditions of the experi- 
ment shown in Table IV essentially all the added C'%-ATP 
should be transformed into C4-ADP. Although a considerable 
formation of C'*-ADP occurred‘ both in the depolymerized and 
in the control F-actin solution no excess ADP formation attribu- 
table to rephosphorylation of bound ADP could be observed. 

The second possibility was ruled out in experiments when the 
depolymerization of actin was carried out in the presence of P® 
containing a total activity of 5 uc. No incorporation of radio- 
activity into the nucleotides could be observed. 


DISCUSSION 


The rapid and complete exchange of the bound ATP of G- 
actin with free ATP, the lack of a net ATP synthesis or ATP- 
ADP transphosphorylation during the F-G transformation sug- 


. gests that the scheme of the G-F-G cycle is as follows: 


G + ATP = G-ATP (1) 
G-aTp —#!t, + P, (2) 
F-ADP salt removal | G-ADP (3) 
G-ADP + A*TP = G-A*TP + ADP (4) 


This scheme differs in one important respect from that pro- 
posed by Strohman: The equilibrium represented by Reaction 1 
replaces his “tightly” bound G-ATP complex. 

In view of Reaction 1 the effect of the creatine phosphate- 
creatine phosphokinase system can be understood without the 
necessity of postulating a direct phosphorylation of G-ADP. 
For the ADP resulting from Reaction 4 will be phosphorylated 
to ATP and could then combine with G according to Reaction 
1. 

The rapid decline of exchangeability of the bound nucleotide 
with added C4-ATP in the course of polymerization is explained 
in terms of the decrease in the amount of G-actin (the form of 


‘ The production of ADP in actin solutions may be partly due 
to the slow cleaving of ATP taking place after polymerization (9). 
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actin in which exchange can take place, and there is no indica- 
tion that an intermediate is formed with exchange properties 
different from those of either G- or F-actin). 

The demonstration of the exchangeability of the nucleotides 
in the G form in contrast to its lack in the F form opens up the 
possibility of studying the participation of the G-F-G transfor- 
mation in the process of muscle contraction. This is the sub- 
ject of the next paper in this series. 


SUMMARY 


1. Adenosine 5’-triphosphate bound to G-actin freely ex- 
changes with added C'-adenosine 5’-triphosphate and the ex- 
change is complete in about 5 minutes. After polymerization 
the radioactivity appears in the bound adenosine 5’-diphosphate 
of F-actin. 

2. No exchange occurs between C'-adenosine 5’-triphosphate 
or C'-adenosine 5’-diphosphate and the bound adenosine 5’- 
diphosphate of F-actin. 

3. The exchangeability of the bound nucleotides rapidly de- 
creases during polymerization of actin. 

4. No adenosine 5’-triphosphate formation from inorganic 
phosphate takes place during depolymerization, nor is there any 
evidence for the phosphorylation of bound adenosine 5’-diphos- 
phate by adenosine 5’-triphosphate. 

5. The implications of these observations for the mechanism 
of the polymerization and depolymerization of actin have been 
discussed. 

REFERENCES 


1. Martonosi, A., Gouvea, M. A., AND GERGELY, J., Abstracts of 
the meeting of the Biophysical Society, Pittsburgh, 1959, Ab- 


stract Cl. 

. Straus, F. B., ano Fever, G., Biochim. et Biophys. Acta, 
4, 455 (1950). 

. K., Bowen, W. F., anv Cuiark, A., J. Gen. Physiol., 33, 
437 (1950). 


MommaeEnrts, W. F. H. M., J. Biol. Chem., 198, 469 (1952). 

. STROHMAN, R. C., Biochim. et Biophys. Acta, 32, 436 (1959). 

. FEvER, G., Mounar, F., Petrxo, E., anp Straus, F. B., 
Acta Physiol. Acad. Sci. Hung., 1, 150 (1948). 

. Mommaerts, W. F. H. M., J. Biol. Chem., 188, 559 (1951). 

. Barany, M., Brro, N. A., aNnD Mounar, F., Acta Physiol. 
Acad. Sct. Hung., 5, 63 (1954). 

. ASaAkuRA, S., Hotta, K., Imar, N., Oo1, T., anp Oosawa, F., 
in Conference on the chemistry of muscular contraction, Igaku 
Shoin, Ltd., Tokyo, 1958, p. 57. 


Note Added in Proof—The results presented in this paper 
concerning the exchange properties of the bound nucleotides 


of GF-actin have recently been confirmed by Hayashi and 
Tsuboi (Federation Proc., 19, 256 (1960)). 
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Oosawa et al. (2) have recently reported that the degree of 
polymerization of actin depends in a complex way on the Mgt* 
concentration. They conclude from their results that there is 
a critical concentration of actin, varying inversely with the 
Mg? concentration, below which no polymerization occurs; if 
the actin concentration exceeds the critical concentration, the 
concentration of unpolymerized actin remains constant, viz. 
equal to the critical concentration for a given Mg++ level. They 
have interpreted their findings in terms of Oosawa’s (3) pre- 
viously published theory of fibrous condensation according to 
which the simultaneous operation of nondirectional short-range 
attractive and long-range electrical repulsive forces results in 
the formation of fibrous aggregates when the monomer concen- 
tration exceeds a ‘critical concentration, which is inversely re- 
lated to the net charge of the monomer. 

It is generally accepted that the cleaving of ATP accompanies 
polymerization. This cleaving stops when the polymerization 
is complete, and roughly 1 mole of ATP is hydrolyzed for each 
mole of G-actin (assumed molecular weight 60,000) that has 
undergone polymerization (4). Asakura et al. (5), investigating 
partially polymerized actin solutions, observed that in the pres- 
ence of added ATP the initial burst of phosphate liberation is 
followed by a slower ATP hydrolysis of indefinite duration; the 
total amount of ATP thus hydrolyzed may amount to 3 to 4 
moles per mole of actin in 24 hours. This hydrolysis seems to 
vary with the Mg++ concentration and is greatest when the 
degree of polymerization is about 50%. These findings have 
been interpreted in terms of a reversible equilibrium or steady 
state between G- and F-actin, involving a continuous breakdown 
of ATP, the combination of a new molecule of ATP with actin 
being required in each polymerization step. The following 
scheme would represent these views: 


G-ATP — F-ADP + P; (1) 


ATP 


We have undertaken to test this steady state hypothesis of 
polymerization by studying the incorporation of radioactivity 


* This work was supported by grants from the National Heart 
Institute, (H-1166), the Life Insurance Medical Research Fund, 
and the Muscular Dystrophy Associations of America, Inc. A 
preliminary report has been presented at the 1960 meeting of the 
Biophysical Society, Philadelphia, Pennsylvania (1). 

7 Part of this work was carried out during the tenure of an 
Established Investigatorship of the American Heart Association. 

t Present address, Retina Foundation, 30 Chambers Street, 

Boston, Massachusetts. 


from C'%-ATP into the ADP fraction bound to polymerized 
actin. Since we have shown (6) that C'*-ATP exchanges freely 
with the bound ATP of G-actin and on polymerization appears 
in the ADP bound to F-actin, it could be expected that each 
turn of the polymerization-depolymerization cycle in the above 
scheme should result in the liberation of 1 mole of P; and the 
exchange of 1 mole of ADP. The observed exchange did not 
exceed that found in completely polymerized actin contrary to 
what was expected on the theory. Another important feature 
of the proposed mechanism, the existence of a critical actin con- 
centration as defined above, could not be confirmed. We found 
that the degree of polymerization depends only on the Mg++ 
concentration and is independent of the actin concentration. 
The evidence and an alternative interpretation is presented be- 
low. 


MATERIALS AND METHODS 


Actin was extracted from acetone dried rabbit muscle powder 
according to Feuer et al. (7) and purified by the ultracentrifugal 
technique of Mommaerts (8). The depolymerization of the 
F-actin-containing pellet was carried out by dialysis against 
50 to 60 volumes of 10-4 m ATP in a rocking machine applying 
thorough internal mixing. 

C%-ATP and C4-ADP were obtained from the Schwarz Labo- 
ratories, crystalline disodium-ATP from Pabst Laboratories. 

For the determination of inorganic phosphate the method of 
Horwitt (9) was used. The viscosity of actin solutions was 
measured in an Ostwald type viscometer with an outflow time 
of 30 seconds at 25°. 

The determination of the specific activity of the nucleotides 
was carried out as described before (6) with charcoal adsorption 
and paper chromatographic separation followed by ultraviolet 
spectrophotometry and radioactivity measurements with a 
Beckman DU spectrophotometer and an end window Geiger 
counter, respectively. 

Protein was determined by the biuret method. 


RESULTS 

Effect of Mg** on Polymerization of Actin—The degree of 
polymerization of an actin solution depends on the Mg*+ con- 
centration. The amount of material sedimentable at 90,000 
X g increases monotonically as the Mgt+ concentration is in- 
creased from 10-4 to 3 XK 10-3 mM. It was found, in confirmation 
of the results of Asakura et al. (5), that the polymerization was 
followed by a slow P; liberation and the P; liberated in 24 hours 
was maximal at a Mg*+ concentration, in this case about 7 xX 
10-4 M, at which roughly 50% of the actin polymerized (Fig. 1). 
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Fic. 1. The effect of MgCl: on the degree of polymerization and Fic. 2. The Mg** and actin concentration dependence of the 
phosphate liberation in actin solutions. MgClz was added to partial polymeriz«tion of actin. To G-actin solutions, whose 
G-actin solutions in concentrations indicated on the abscissa. protein content is shown on the abscissa, MgCle was added as 
An aliquot was kept for 24 hours at 25° and analyzed for Pi. An- indicated. After 3 hours at 25° the actin solutions were centri- 
other aliquot was centrifuged at 90,000 < g after standing for 3 fuged at 90,000 X g for 3 hours. The degree of polymerization 
hours at 25°. The amount of protein sedimented, expressed as % __indicated on the ordinate was calculated from the decrease of the 
of the total protein and regarded as percent polymerization, was protein concentration in the supernatant and corresponds to the 
calculated from the decrease in the protein content of the super- amount of protein sedimenting at 90,000 X g in 3 hours, expressed 
natant. Left ordinate: moles of P; liberated per 60,000 g of actin; as the % of the total protein originally present. @——@, 3 X 
O——O. Right ordinate: % polymerization; A——A. Abscissa: 10-3? m MgCl.; A——A, 2 X 10°? mM MgCl.; 7 X m 
concentration of MgCl, logarithmic scale. MgCl.; A A,3 X 10-4 mM MgCl. 


TABLE I 


P; liberation and C'4 incorporation into bound ADP in partially polymerized actin solutions 

To G-actin solutions MgCl. was added in 7 to8 X 10-*mMconcentration. This concentration of MgCl: causes about 50% polymeriza- 
tion of actin. After 2 to 3 hours at 25°, a time sufficient for the viscosity to reach its final value, C'4-ATP, 7 myc per ml, was added. 
The specific activity of ATP, ADP, and AMP and the concentration of inorganic phosphate were determined in an aliquot. The rest 
of the material was incubated at 25° for 1 to 21 hours. At the end of the incubation period inorganic phosphate was again determined 
and the actin solutions were centrifuged for 3 hours at 90,000 X g for the isolation of F-actin. The pellet was taken up in 0.1 m KCl 
solution and dialyzed against 3 changes of 50 volumes of 0.1 m KCl, 0.015m PO, buffer, pH 7.0, for 2 days. The specific activity and 
amount of the bound ADP of F-actin were determined as described under the methods. For details of the calculation of the expected 


specific activity see text. 


MeCl Protei present in equilibrium system of F-actin iberation of |p Oi; : 
ATP ADP AMP Expected Found 

mg/ml c.p.m./pmole c.p.m./pmole pmoles/l Ars pmoles/l 
1 8 X 107-4 Mm 1.8 12,357 9,880 10,800 1,540 46.5 20 21 
2 7X 5 11, 500 5, 640 506 2, 200 5 
3 7X 10-*m 6.2 22,700 14, 500 1,522 8,800 1,680 35 20 72.4 
4 7X 10-4m 5.1 24, 880 8,419 1,894 7,500 939 18.6 1 53.5 
5 7X 104m 5.1 24, 880 8,419 1,896 24,850 3,312 226 21 62.9 


As shown in Fig. 2, the degree of polymerization determined — of actin was sedimented at 90,000 x g and the specific activity 
by the ultracentrifugal method is independent of the actin con- of the bound ADP was determined. These data are shown in 
centration in the range of 2 to 6 mg per ml, and is only a func- Table I. 
tion of the Mg++ concentration. This is inconsistent with the The expected exchange can be calculated on the basis of the 
concept of “critical concentration” as defined by Oosawa et al. mechanism described by Equation 1 as follows: Let the rate of 
(2, 5), for if the amount of actin left in the G form at a given __P; liberation be v m per hour per liter. This is also the number 
Mg++ concentration had been independent of the total actin of moles of actin undergoing polymerization and depolymeriza- 
concentration a considerable increase in the degree of polymeri- tion in the steady state. If ao is the specific activity of ATP in 


zation with increasing actin concentration should have been equilibrium with G-actin, and n is the concentration of bound 
ADP, moles per liter, the rate of change in the specific activity 


observed. 
Exchange of C4-ATP in Partially Polymerized Actin Solutions of the bound nucleotide, a, is given by: 
—To solutions of G-actin Mg++ was added in a concentration je @ 
producing about 50% polymerization. After 2 to 3 hours, when — a (ao — a) (2) 
no further change in viscosity could be observed, C4-ATP was op 
added. After an additional period of incubation, during which da _da _a—a @) 


the phosphate liberation was followed, the polymerized portion v-dt dP n 
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which on integration yields: 


a = do G =) (4) 


where P is the change in P; concentration in time t. The deri- 
vation of this expression is valid even if v is not constant over 
the period of the experiment. 

A comparison of the experimentally found and calculated 
specific activities of the bound nucleotide given in Table I shows 
that the exchange is much smaller than that predicted by the 
theory. Thisdiscrepancy is, in fact, even larger if one takes into 
consideration the slight exchange taking place in fully poly- 
merized actin (6). 


DISCUSSION 


The data presented in this paper clearly confirm the findings 
of Oosawa et al. that the degree of Mg*t+t-induced polymeriza- 
tion of actin is a function of the Mg++ concentration. Our results 
however do not support the existence of a critical concentration 
of actin, as defined by Oosawa et al. According to them the 
critical actin concentration is the concentration of actin below 
which no polymerization occurs and which, if the total actin 
concentration is increased, equals the concentration of unpoly- 
merized actin. This critica] concentration should decrease with 
increasing Mg** concentration; hence, for a given Mg*+ con- 
centration the ratio of F/G should increase with increasing actin 
concentration. We found that for each Mgt+ concentration 
the F/G ratio remains essentially constant when the actin con- 
centration is increased from 2 to 6 mg per ml. These results 
seem incompatible with the concept of critical actin concentra- 
tion as defined by Oosawa et al. A closer inspection of their 
experimental data, however, reveals that the interpretation put 
upon them is not fully warranted since the values deduced for 
the critical concentration depend to a considerable degree on 
the method used (cf. Fig. 5 of (2)). Furthermore, with some 
methods, e.g, light scattering (cf. Fig. 4 of (2)), it seems to us 
scarcely sensible to arrive at any value of critical concentration 
at all. 

The fact that by varying the Mg++ concentration various 
degrees of polymerization can be obtained, at first glance sup- 
ports the idea, that one is dealing with an equilibrium or, at 
least, a steady state system. Further prima facie evidence is 
afforded by the phosphate liberation in partially polymerized 
actin solutions, suggesting a G — F and F — G flux coupled 
with dephosphorylation of ATP. As shown above, such a 
mechanism should result in the incorporation of C'4-ADP into 
the polymerized part of actin, the theoretical value of which 
could be calculated from the phosphate liberation. In fact this 
does not take place: the incorporation is only a fraction of the 
theoretical value. In experiments with added P;*? we have 
shown that no radioactivity appears in any of the nucleotide 
phosphates (6), excluding the participation of direct rephos- 
phorylation processes in the steady state. Two explanations 
appear possible for the discrepancy between phosphate libera- 
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tion and C exchange. First, the phosphate liberation may be 
due to a contaminating dephosphorylating enzyme, whose actiy- 
ity depends on the Mg*+ concentration in such a way that the 
optimum happens to correspond to an intermediate state of 
polymerization of actin. It has been reported that certain actin 
preparations polymerize in the absence of ATP, or without 
cleaving of ATP if it is present (10). The second explanation 
would rest on the assumption that only the peripheral regions 
of F-actin particles take part in a reversible equilibrium with 
G-actin. This would result in a relatively lower incorporation, 
since a small number of bound ADP molecules could equilibrate 
in a relatively short time and the further exchange, although 
contributing to the liberation of phosphate, would not produce 
an increase in radioactivity. A combination of these two 
mechanisms may, of course, be at work. 


SUMMARY 


The partial polymerization of actin was studied as a function 
of Mg++ and actin concentration. The degree of polymeriza- 
tion, obtained from ultracentrifugation of the polymerized 
moiety at 90,000 x g, expressed as the percentage of the actin 
present, depends solely on the Mg++ concentration and is inde- 
pendent of the actin concentration in the studied range, 2 to 6 
mg per ml. The slow phosphate liberation in partially poly- 
merized actin solutions, first described by Asakura et al., has 
been confirmed; it is maximal at the Mg++ concentration pro- 
ducing about 50% polymerization. The results here presented 
do not support the existence of a critical actin concentration as 
defined earlier (2). The suggested connection (5) between this 
phosphate liberation and a possible reversible G-F transforma- 
tion of actin in the steady state has been subjected to an experi- 
mental test by comparing the incorporation of radioactivity from 
C'-adenosine 5’-triphosphate added after the establishment of 
the steady state into the adenosine 5’-triphosphate bound to 
the sedimentable moiety. The observed incorporation is only 
10 to 20% of that calculated on the basis of the above theory. 
The results have been discussed from the point of view of al- 
ternative mechanisms. 
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It has been repeatedly suggested that reversible polymeriza- 
tion and depolymerization of actin take place in the contrac- 
tion-relaxation cycle of muscle (2-4). As reported in the first 
paper of this series, adenosine 5’-triphosphate bound to G-actin 
freely exchanges with added C'-ATP whereas the ADP bound 
to F-actin cannot undergo an appreciable exchange with either 
C4-ATP or C4-ADP (5). It appeared to us that these observa- 
tions make it possible to decide whether G-actin is present in 
vivo in any phase of the contraction-relaxation cycle. For if one 
assumes that the findings in vitro are also applicable in vivo, ex- 
change between free ATP and ATP bound to G-actin will take 
place. This should lead, in P®-injected animals whose intracel- 
lular ATP becomes labeled, to the appearance, on subsequent 
repolymerization, of radioactivity in ADP bound to F-actin. 
After repeated cycles of contraction and relaxation the specific 
activities of the phosphate residues in the bound ADP of F-actin 
should approach those of the corresponding groups in the cell 
nucleotide pool. 

_In experiments of this type it is essential that no exchange of 

1e bound nucleotides of actin should occur during the isolation 
process. This is not the case for the usual extraction procedure 
of G-actin. It appeared, however, that the isolation of F-actin 
in the form of myosin-B would obviate this difficulty. There is 
a considerable body of evidence in support of the view that my- 
osin-B is essentially actomyosin (6), and the ultracentrifugal 
separation of F-actin from it, (7), the isolation and identification 
of actin from acetone dried myosin-B powder (8, 9), and the 
salting out characteristics of myosin-B in the presence of pyro- 
phosphate (6) lend special force to this position. 

The results in vivo here reported indicate no connection be- 
tween muscle contraction and ADP exchange. They have been 
supplemented by studies on the superprecipitation of actomyo- 
sin, a reaction regarded as a model of muscle contraction; they, 
too, showed no exchange of the actin-bound ADP. 


MATERIALS AND METHODS 


The preparation of myosin and actin were carried out as de- 
scribed earlier (10). Natural actomyosin was extracted with 
Weber-Edsall solution for 24 hours with occasional stirring. 
After two precipitations at « = 0.1 the actomyosin, redissolved 


* This work was supported by grants from the National Heart 
Institute (H-1166), The Life Insurance Medical Research Fund, 
and the Muscular Dystrophy Associations of America, Inc. A 
preliminary report of this paper has been presented (1). 

t Present address, Retina Foundation, 30 Chambers Street, 
Boston, Massachusetts. 


in 0.6 m KCl, was further clarified by centrifugation in a Spinco 
preparative ultracentrifuge at 15,000 x g for 30 minutes. The 
supernatant was dialyzed for 2 days against two changes of 50 to 
60 volumes of 0.6 m KCl to remove free nucleotides. Potato 
apyrase was prepared according to Krishnan (11). Crystalline 
disodium ATP was obtained from Pabst Laboratories, P;*, 
“High Specific Activity,” from the Oak Ridge National Labora- 
tory. 

The separation and estimation of adenine nucleotides, and the 
determination of radioactivity were carried out as described ear- 
lier (5). The specific activity of each of the three phosphate 
groups in the isolated labeled ATP was calculated from a com- 
parison of the specific activity of ATP with that of AMP and 
ADP obtained by hydrolysis with potato apyrase. Protein de- 
terminations were carried out by a micro-Kjeldahl procedure. 


RESULTS 


Incorporation in Vivo of P;* into Bound ADP of Actomyosin— 
P;* with a total radioactivity of 100 to 300 uc was injected 
intravenously into rabbits and pigeons, and intraperitoneally 
into rats, and the animals were killed 1 to 48 hours later. The 
muscles were quickly excised, and chilled. A sample was homog- 
enized with 4 volumes of 5% trichloroacetic acid, and the cen- 
trifuged supernatant (3,000 x g) was used for the determination 
of the specific activity of the ‘‘pool’”’ nucleotides. Actomyosin 
was prepared from another sample and the specific activity of 
the bound nucleotide fraction was determined after deproteini- 
zation with trichloroacetic acid. 

The only nucleotide present in trichloroacetic acid extracts of 
actomyosin was ADP,} and its specific activity was compared in 
each animal with that of the nucleotides present in the trichloro- 
acetic acid extract of whole muscle. The latter are here defined 
as activities. 

The data obtained from these experiments are collected in 
Table I. They show that the incorporation of P;* into the 
bound ADP of actomyosin is a slow process. One hour after 
the injection of P;* the activities of the bound ADP were of the 
order of 10 to 20% of the “‘pool”’ activity; it took about 24 hours 
in rabbits to obtain complete equilibration with the nucleotide 
pool, while no equilibrium could be reached within this time in 

1 We have regarded the nondialyzable ADP of actomyosin as 
being bound to the actin moiety; direct evidence based on ultra- 
centrifugal experiments concerning the pyrophosphate dissocia- 
tion of C'4-ADP containing reconstituted, and P*® containing 
natural, actomyosin will be published in a forthcoming paper. 
It should be noted that according to Perry (12) the ADP bound to 
myofibrils can be accounted for as being bound to actin. 
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TABLE I solved in 0.6 m KC] to remove the myosin-free actin. An aliquot que! 

Incorporation in vivo of P32 into bound adenosine served as control, another was diluted to 0.1 m KCl and super. ing 
5’-diphosphate of actomyosin precipitated by the addition of 5 x 10-? m ATP and 10-3 y A 

MgCl. After centrifugation the sediment was dissolved in0.g and 

bound ADP of mM KCl and the superprecipitation procedure was repeated once tain 

No. Animal injection — again. met 
ATP | ADP | amps | app | AMPe The superprecipitated and control samples were deproteinized poly 

and the radioactivity of the nucleotides was determined as above, } iV 

hrs c.p.m./pmole c.p.m./ymole The total activity of the bound ADP of the control was 3330 poss 

1 | Rabbit 1 360 173 34 c.p.m. per g of protein, that of the superprecipitated sample una 

2 | Rabbit 1 334 | 128 13 2850 c.p.m. per g of protein. Thus it is evident that the com- stat 

bination with myosin and the superprecipitation process did not sma 

5 | Rabbit 24 355 163 139 cause any loss of activity by exchange in the bound ADP of to tk 

6 | Rabbit 94 398| 175 163 F-actin. It was also found that actomyosin, isolated from pi- shot 

7 | Rabbit it 1,080 | 496* 13 104 11 geons given injections of P;* and containing bound P?-ADP did its b 

8 | Rabbit it 1,070 469* 17 85 14 not lose the activity on dialysis for 48 hours against 50 to 60 cell. 

9 | Rat 1 4,420 | 2,395 250 volumes of 10-4 m unlabeled ADP. shot 

10 | Rat 2t 5,330 | 1,780 426 of tl 
11 | Rat 2 4,700 | 2,050 550 DISCUSSION men 
12 | Rat 2 1,860 | 965 174 The data reported above show that considerable differences cont 
1 between the specific activities of the ADP bound to actomyosin a fe 
15 | Rat 6 4.620 | 2.770 niger and of the muscle nucleotide pool in animals given injections of G-a 
16 | Rat 24 5, 250 3. 660 , ; 880 P® persist over periods ranging up to 24 hours. These differences pecs 
17 | Pigeon 9 18,900 | 9,300} 490] 1,230| 38 are not decreased by direct electrical stimulation of the muscle bout 
18 | Pigeon 93 4,910 | 2,800 | 338 | 1,060) 197 or by exercising the animal. No exchange of the bound ADP with 
19 | Pigeon 48 15,600 | 9,800 | 3,520 | 3,520 | 805 occurred when actomyosin, containing C“-ADP or P®-ADP in om 

* Obtained after apyrase treatment 

results are compati 
t The determinations 7 and 8 were made on the control andon_ with any of the proposed mechanisms of muscle seas "3 a ra 
fore killing the animal. actin. As shown in the first paper of this series (5), bound ATP She 
t This animal was forced to swim vigorously for 10 minutes after of G-actin freely exchanges with added labeled ATP and subse- the 
the injection of P#?. 

stud 

rats and pigeons. The rate of incorporation of P*® into the that 
bound ADP fraction was not altered by exercising the animals lula: 
(swimming of rats) or by direct electrical tetanical stimulation = !00- pos = cont 
of the leg muscles of rabbits for 10 minutes. 2 7, plac 
It is of interest to compare the time course of this exchange - rs ditic 
process in vivo with that of the equilibration in vitro between < cons 
C¥.ATP and the bound ATP of G-actin previously described in 5 50. / ba 
detail (5) (Fig. 1). The tremendous difference between the rates aw ditic 
of the two processes and the complete lack of correlation between 3 the 
muscular activity and incorporation of P into the bound ADP ov 
of actomyosin make it difficult to interpret the latter in terms sing 
of transient G-actin formation during the contraction-relaxation lo of / 
MINUTES othe 


cycle. A comparison of the ratios of the specific activities of 
the pool ADP and AMP with the ratio of the specific activities Fic. 1. A comparison of the rate of exchange of the bound ATP sma 


of the actomyosin-bound ADP and the AMP obtained after f schon ~mye the exchange in vivo of the bound ADP of acto- at fi 
apyrase treatment suggests that the incorporation is based on nce e in vivo data are taken from Table I and are ex- arri’ 
an exchange of the whole nucleotide (Table I, Experiments calo 
17 to 19). specific activity of bound ADP ss one: boli 

Superprecipitation of Actomyosin and Nucleotide Exchange—To specific activity of pool ADP Mor 
supplement the results obtained in vivo, some experiments were for details see text. The in vitro data are taken from Fig. 1 of — 
carried out on the actomyosin-superprecipitation system, long (5) and are based on the exchange of C'4-ATP with the ATP bound oon 
considered a model for muscle contraction. F-actin containing + the G-actin; they are given as ah 
C.ADP was prepared by incubating G-actin in the presence of specific activity of bound ADP — 
C4-ATP followed by polymerization and dialysis to remove the specific activity of ATP a otid 
rie my0- Abscissa: logarithmic time scale. O——O, experiments in vitro. ti 
sin in a 1-4 protein weight ratio and the actomyosin was precip- 4-4, experiments in vivo, rabbits. @——@, experiments in of b 


itated by adjusting the KCl concentration to 0.1 mM and redis- vivo, rats. [+—4, experiments in vivo, pigeons. 


XUM 


1708 


June 1960 


quent polymerization leads to the formation of F-actin, contain- 
ing firmly bound, nonexchanging, labeled ADP. 
According to the view introduced by Straub and Feuer (2), 


and further developed by Mommaerts (4), relaxed muscle con- 


tains G-actin and during contraction it “reacts with a stoichio- 
metric amount of ATP, dephosphorylating this while the actin 
polymerizes, forming actomyosin, which contracts. Relaxation 
involves a rephosphorylation of ADP by a phosphate donor, 
possibly phosphocreatine or phosphopyruvate” (4). In normal, 
unanesthetized, animals the muscles exert, even in the relaxed 
state, what is known as tonus, involving the contraction of a 
small number of fibers at any given moment. Thus, according 
tothe above theory, practically all of the actin in a resting muscle 
should be in the G-form, and, on the basis of our studies in vitro, 
its bound ATP should equilibrate with the nucleotide pool of the 
cell. Actomyosin isolated from animals given injections of P® 
should contain ADP with a specific activity comparable to that 
of the a- and 8-phosphates of the ATP pool. Since, in experi- 
ments of many hours’ duration, no equilibration occurred, in 
contrast to the complete equilibration taking place in vitro within 
a few minutes (5), the hypothesis postulating the existence of 
G-actin in relaxed muscle seems unlikely. We assume that the 
presence of myosin does not alter the exchange properties of the 
bound nucleotide of actin. As shown by the above experiments 
with actomyosin, this is so in the case of the F-actin-myosin 
complex. The existence of a G-actin-myosin complex is not sup- 
ported conclusively by experimental evidence (13, 14). Stroh- 
man’s ultracentrifugal results (13), suggesting the formation of 
a rapidly sedimenting G-actin meromyosin complex, could not 
be confirmed by us. 

An alternative theory, proposed by Szent-Gyérgyi (3), con- 
nects the F-form of actin with the relaxed, and the G-form with 
the contracted, state. Again, combining this view with our 
studies in vitro on actin-bound nucleotides (5), one would expect 
that no exchange between ADP bound to F-actin and intracel- 
lular labeled nucleotides should take place at rest, while each 
contraction would promote the process of equilibration taking 
place in the G-form. In order to interpret our results the con- 
dition of the muscles in normal, resting animals has to be briefly 
considered. 

On the basis of the resting metabolism in a normal tonic con- 
dition the ATP breakdown associated with the tonus may be of 
the order of 10-* mole per min per g of muscle (4). Taking 
a value of 3 millicalories per g for the heat production in a 
single twitch (15), and 12 kilocalories? for the heat of hydrolysis 
of ATP, one obtains one full contraction per min per g. In 
other words, if, as generally assumed, a random excitement of a 
small fraction of the motor units occurs, each unit will contract 
at frequencies of the order of sec™!. A similar estimate can be 
arrived at from the basal metabolic rate, e.g. for humans 1 kilo- 
calorie per kg per min, assuming that 50% of the basal meta- 
bolic rate is due to muscle activity. As first pointed out by 
Mommaerts (4), the amount of ADP bound to actin is of the 
same order of magnitude as the expected breakdown of ATP in 
a single twitch, viz. ~5 X 10-7 mole perg. Thus, it seems that, 
in general, it would require at most a few twitches to achieve 
complete equilibration of the bound nucleotides with the nucle- 
otide pool. In view of the above estimate of the number of 


2 This value is somewhat uncertain since it includes a contribu- 
tion from the neutralization of the proton released in the course 
of hydrolysis (16). 
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contractions in resting, tonic muscles, this means that it would 
take only a few minutes to reach equilibrium after the establish- 
ment of steady radioactivity levels in the pool, even in the rest- 
ing animal. In fact, equilibrium is approached only in 24 
hours, in spite of occasional movements of the animals. More- 
Over, no increase in the rate of incorporation was found when 
the muscles were stimulated either electrically or by exercise. 
Thus the formation of G-actin during the contraction-relaxation 
cycle appears unlikely. 

The question could be raised whether the lack of rapid incorpo- 
ration might be due to the existence of a separate phosphate and 
nucleotide pool in equilibrium with the myofibrils but not with 
the rest of the sarcoplasm. The existence of one such pool that 
could be reasonably postulated, viz. a mitochondrial pool, seems 
to be excluded by the fact that the P of creatine phosphate, in 
animals given injections of P*, is essentially in equilibrium with 
the terminal P of ATP (17), although the latter is mainly syn- 
thesized within the mitochrondria while the creatine kinase seems 
to be present in the sarcoplasm (18). A rapid exchange between 
intramitochondrial and extramitochondrial ATP has been dem- 
onstrated by Pressman (19). Pools not corresponding to known 
morphological structures have been postulated (20), but until 
direct experimental evidence is forthcoming it would seem more 
economical to leave them out of our speculations. 

The mechanism of the slow incorporation into the ADP bound 
to actomyosin is obscure. The participation of a process in- 
volving the exchange in toto of the nucleotide, possibly replace- 
ment by ATP followed by terminal dephosphorylation, is sug- 
gested by the fact that radioactivity appears in the a-phosphate 
and the ratio of activities in the a- and B-phosphates of the bound 
ADP is similar to that in the pool ATP and ADP. 


SUMMARY 


The time course of the incorporation of radioactivity into the 
adenosine 5’-diphosphate (ADP) bound to actomyosin, presum- 
ably to the actin moiety, has been studied after administration 
in vwo of P® to rabbits, rats, and pigeons. Several hours after 
the injection the specific activity of the bound ADP is only a 
fraction of that of the ADP in a trichloroacetic acid extract of 
whole muscle. Exercise or direct electrical tetanization have no 
effect on the time course. Superprecipitation of reconstituted 
actomyosin, containing C'-ADP labeled actin, by adenosine 5’- | 
triphosphate does not lead to exchange with unlabeled adenosine 
5’-triphosphate. 

These results are consistent with the presence of actin in muscle 
in the F-form and they suggest that the reversible polymeriza- 
tion and depolymerization of actin is not related to the contrac- 
tion-relaxation process. 
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Note Added in Proof—Justification for our procedure of re- 
garding the pool ADP as representative of the ADP moiety 
in ATP is found in the following fact: the specific activity 
of ADP in the trichloroacetic acid extract of muscle is eg- 
sentially the same as that of ADP isolated after myosin or 
aperase treatment of the paper chromatographically purified 
ATP fraction. This equality is understandable, since the actin- 
bound ADP fraction of low activity amounts to only about 20% 
of the ADP in the trichloroacetic acid extract. 
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In an earlier communication (1), we have described techniques 
and conditions under which iodine reacts rather specifically with 
the free sulfhydryl groups of proteins. The initia] product of 
this reaction was presumed to be protein sulfenyl iodide groups. 
In this communication, we shall present further evidence to sub- 
stantiate the view that sulfeny] iodide is a relatively stable inter- 
mediate in the oxidation of ovalbumin and #-lactoglobulin with 
iodine, and describe several modified proteins which may be 
prepared through these sulfeny] iodide intermediates. 


EXPERIMENTAL 


Extent of Reaction of Iodine with Protein—Quantitative analysis 
of the extent of iodine consumption by the various protein sam- 
ples was made by addition of an excess of I3~ to the protein in 
phosphate buffer, pH 6.5, at 0-5° in a Beckman DU spectropho- 
tometer. ‘The reaction proceeds quite rapidly, and the excess 
iodine may be calculated from the residual absorption at 355 
mu (1). All iodine solutions were standardized against National 
Bureau of Standards arsenious oxide by the usual procedure. 

Preparation of Iodine-treated Proteins—Large scale prepara- 
tions of iodine-treated proteins were made under the same condi- 
tions as those just described, except that iodine was added in 
small amounts to the buffered protein solution. After each ad- 
dition, the absorption at 355 my drops rapidly, but does not 
return to zero. This residual absorption has been ascribed to 
the low but measurable absorption of the sulfenyl iodide group 
(1). It increases with the stepwise addition of iodine until the 
end point of the titration is reached. This point is easily de- 
tected as a sharp increase in the plot of millequivalent I added 
against residual extinction at 355 my (1), due to the very much 
higher extinction coefficient of 13;- at 355 mu. The initial slope 
of such graphs may be used to determine the average molar ex- 
tinction coefficient of the sulfenyl iodide groups in a particular 
protein. 

After the equivalence point was reached, the solution was dia- 
lyzed at 5-10° for 24 to 48 hours against many changes of distilled 
water and then lyophilized. | 

Reaction of Iodine-treated Proteins with Mercaptans—lodine was 
added to protein solutions as described in the previous section 
until a very small excess of iodine could be detected. Then a 
100-fold molar excess of the particular mercaptan, e.g. 2-mercap- 
toethanol or 2-mercaptoethylamine, was added. The tempera- 
ture was held at 0—5° and the reaction allowed to proceed for 20 


* This work was supported by Grant No. C 3640 from the Na- 
tional Institutes of Health, United States Public Health Service. 


to 30 minutes, although all absorption at 355 my disappeared in 
about 15 minutes. The modified protein was obtained by pre- 
cipitation at 0.75 saturation with ammonium sulfate. It was 
redissolved in water, dialyzed against 0.1 m NaCl and distilled 
water at 5-10°, and lyophilized. In some cases, the final reaction 
mixture was simply dialyzed against 0.1 mM sodium acetate buffer, 
pH 4.65, for use in the ultracentrifuge and for p-chloromercuri- 
benzoate-binding studies. Products prepared by these different 
routes appeared to be identical, except that modified lactoglobu- 
lins tend to be denatured by lyophilization and may then give 
rise to appreciable quantities of insoluble protein. 

Taurine Analyses—The protein sample was subjected to per- 
formic acid oxidation according to the method of Schram et al. 
(2). After a reaction period of 4 hours at 0°, the sample was 
quickly taken to a thick syrup by evaporation at 40° under re- 
duced pressure. The residue was taken up in water and 20% 
trichloroacetic acid added to give a final concentration of 5%. 
The precipitate was removed by filtration and the filtrate was 
extracted with ether to remove the trichloroacetic acid. The 
sample was then shaken for 15 minutes with Dowex 50-X4, 200 
to 400 mesh in the H+ form, and finally made up to a standard 
volume for ninhydrin analysis (3). Paper chromatography of a 
variety of samples treated in this way showed taurine as the only 
ninhydrin-positive compound in the final solution. The recovery 
of taurine added directly to samples of crystalline ovalbumin was 
88%. 

Sulfhydryl Determination by Mercaptide Formation—The spec- 
trophotometric procedure of Boyer (4) with p-chloromercuri- 
benzoate was employed as an independent technique for the es- 
timation of protein sulfhydryl! groups. 

Ultracentrifuge Measurements—The sedimentation characteris- 
tics of the proteins under investigation were determined with the 
Beckman Spinco model E instrument. All runs were made at 
59,780 r.p.m. and the temperature controlled with the Spinco 
RTIC thermocouple attachment. Plate measurements were 
made with a Gaertner comparator, and area measurements ob- 
tained from tracings of the plates. 

Materials—Ovalbumin was prepared by the method of War- 
ner (5). Lactoglobulin was obtained from Pentex, Inc., and the 
Nutritional Biochemicals Corporation. It was shown to contain 
both A and B components in approximately the usual proportion. 
All protein concentrations were determined spectrophotometri- 
cally (1). The molecular weight of ovalbumin was taken as 
45,000 and that of lactoglobulin as 37,000. All other compounds 
employed were commercial products of reagent grade or the 
equivalent. 
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TABLE I 


Stability of sulfenyl iodide groups* formed in ovalbumin and 
B-lactoglobulin at 5° 


Analysis of Modified B-Lactoglobulins and Ovalbumins 


Decomposition 
Protein of —SL 
aye 15 minutes 24 hours 
% % 
Ovalbumin 1 1007 
1 8 100 
1 0 13 
8-Lactoglobulin 2 2-5 100 


* These determinations were based on the disappearance of ab- 


sorption at 355 mu. 


t This reaction is almost instantaneous and is complete by the 


end of a typical titration. 


Vol. 235, No. 6 


Although it is possible that partial denaturation of the protein 
may expose other iodine-reactive groups, it is, perhaps, more 
likely that the product resulting from decomposition of the gy]- 
fenyl iodide may itself react with iodine. 

If, immediately after the initial titration of lactoglobulin with 
4 equivalents of iodine, a 100-fold excess of 2-mercaptoethyla- 
mine is added, a rapid discharge of color occurs and a second 
modified lactoglobulin, B-LG-NH:2, may be isolated as described 
above. The results of analyses of this protein are also compared 
in Table II. The very low iodine uptake of this compound sug. 
gests the absence of free sulfhydryl groups, and the isolation of 
1.6 moles of taurine from a performic acid oxidation mixture in- 
dicates that the sulfenyl iodide has reacted with the mercaptan 
to form a mixed disulfide according to the equation, 


P—SI + R—SH — P—S—S—R + Ht +I- 
A related protein was prepared by the addition of a 100-fold 


TABLE II 
Analysis of modified lactoglobulins (LG) 


Ultracentrifugal analysis pH 4.65, 2° 
component component concentration 
moles/mole equivalents/mole % total protein % 
B-LG 2.1 + 0.1f 3.8 + 0.1 0 33 + 4 67 + 4 1.1-1.6 
I-8-LG 1.0 0 
B-LG-NH:. 1.61 0.20 + 0.07 100 1.3-1.5 
B-LG-OH 0 0.4 53 + 4 47 + 4 1.3-1.6 
B-LG-COOH 37 63 1.3 


* CMB, p-chloromercuribenzoate. 
+ After performic acid oxidation. 


t Average and maximum deviation of three or more determinations. 


RESULTS 


Studies of Lactoglobulin—It has been shown in titration experi- 
ments (1) that at 5° and at pH 6.5 approximately 3.8 equivalents 
of iodine will react with 1 mole of lactoglobulin. The residual 
absorption at 355 my increases linearly with increasing amounts 
of added iodine until the end point is attained. Under these 
conditions the average molar extinction coefficient, €, of sulfeny] 
iodide in lactoglobulin is 470 + 20. There is some evidence that 
this figure is a function of the iodide concentration of the system, 
though the stoichiometry of the titration is unaffected. This 
result is in accord with other measurements (1, 6) which indicate 
approximately 2 sulfhydryl groups per mole of lactoglobulin. 
The lactoglobulin sulfeny] iodide is not indefinitely stable under 
these conditions. In 1 hour at 5° about 10% is lost as measured 
by absorption at 355 mu (Table 1). Elevation of pH or temper- 
ature accelerates this decomposition, whereas a slight decrease 
in pH to 6 has a stabilizing effect. 

Although it is difficult to study the sulfenyl iodide derivative 
directly owing to its instability, the modified protein can be de- 
liberately converted into a secondary product by prolonged di- 
alysis. The characteristic yellow color fades and the final 
lyophilized product contains no iodine.!. In Table II it may be 
seen, however, that this product, I-8-LG, exhibits about one- 
fourth the reactivity toward iodine shown by the native protein. 


1 Todine analyses were performed by the Clark Microanalytical 
Laboratories, Urbana, Illinois. 


excess of 2-mercaptoethanol to the protein sulfenyl iodide 
Table II shows that this protein, 8B-LG-OH, has a low reactivity 
toward iodine, and the conclusion that sulfhydryl groups are ab- 
sent is substantiated by the failure to obtain mercaptides with 
mercuribenzoate. 

It seemed of interest to observe the effect of these controlled 
modifications on the over-all physical behavior of the protein. 
Although moderate solubility changes were noted, as was in- 
creased sensitivity to denaturation, the monomer-polymer equi- 
librium of the lactoglobulin system observed in the ultracentri- 
fuge (7) presented a very sensitive test of the effect of these 
modifications upon the protein-protein interaction. Thus, in 0.1 
M acetate buffer, pH 4.65, at 2°, lactoglobulin consisting of A and 
B types exhibits two peaks, one of sedimentation constant near 
2.8 S and the other near 5 S, in the approximate ratio of 1:2. 
The formation of the 5S material has been shown to be due to pol- 
ymerization of the A component (7). In Table II the results of 
sedimentation studies of the native protein, the three modified 
lactoglobulins described above, and a fourth prepared by addition 
of thioglycolate to the protein sulfenyl iodide, are compared. 
The changes noted, especially those of the amino derivative, 
supply additional support for the suggested sequence of modifi- 
cationreactions. Representative photographs of the ultracentri- 
fuge runs are presented in Fig. 1. 

Studies of Ovalbumin—lIodine titration experiments with oval- 
bumin have been described in an earlier publication (1). The 
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reaction is more complex than that encountered with lactoglobu- 
lin in that the increase in residual absorption at 355 my is linear 
up to the addition of about 3.5 to 4 equivalents of iodine per 
mole of protein, but undergoes a pronounced decrease in slope 
at this point which continues until the end point is reached at 
6.1 equivalents of iodine per mole. The average extinction co- 
efficient, €, calculated from the initial linear portion of the curve 
is 700 + 20, for the sulfeny] iodide groups of ovalbumin, under 
these conditions. The bend in the titration curve could be ex- 
plained by assuming that (a) the third sulfenyl iodide has an 
extinction coefficient much lower than the other 2 in ovalbumin, 
and those of lactoglobulin, or (6) the third sulfeny] iodide is ex- 
tremely unstable and decomposes during the titration. The 
latter possibility is supported by the increased time required for 
the absorption at 355 my to decrease to a stable value after addi- 
tion of iodine at iodine-to-protein ratios greater than 3. 

Prolonged dialysis and lyophilization of ovalbumin which has 
been reacted with 6 equivalents of iodine in the manner described 
yields a noticeably yellow product, 1-Oval, which contains from 
1.5 to 1.7 equivalents of protein-bound iodine per mole. This 
modified ovalbumin has been obtained in crystalline form, under 
conditions similar to those used for ovalbumin itself. The spe- 
cific rotation is essentially identical to that of native ovalbumin, 
and like the parent protein, it must be denatured before it be- 
comes susceptible to the action of trypsin (1). Table II shows 
that the modified protein will consume approximately 2 equiva- 
lents of iodine. Since the native structure of this protein may 
be demonstrated to be essentially intact, it must be concluded 
that the product of decomposition of the sulfenyl iodide can react 
further with iodine. Attempts to measure sulfhydryl groups by 
the spectrophotometric technique employing p-chloromercuriben- 
zoate were unsuccessful due to the formation of precipitates. 
Although the picture with ovalbumin is not as clear as that ob- 
tained with lactoglobulin, it appears justifiable to conclude that 
the reaction of 6 equivalents of iodine with ovalbumin leads to 
the formation of two relatively stable sulfenyl-iodide groups, and 
a third which decomposes almost instantaneously. The results 
of spectrophotometric measurements of the relative stability of 
the various sulfeny] iodides are included in Table I. We have as 
yet been unable to obtain definite evidence as to the chemical 
nature of the products resulting from the spontaneous decom- 
position of protein sulfenyl iodide. Possibly hydrolysis occurs, 
leading to protein sulfenic acid and iodide. 


PSI + H.0 — P—SOH + H* + [- 


The susceptibility of such a sulfenic acid to further oxidation by 
iodine under these conditions is not known, but may explain the 
relatively high iodine reactivity of the I-Oval and I1-LG. 

As in the case of lactoglobulin, the ovalbumin sulfenyl iodide 
formed by titration is rapidly decolorized by the addition of a 
100-fold molar excess of 2-mercaptoethylamine. Some of the 
properties of the isolated derivative, Oval-NH2, are given in 
Table IIT. The amount of taurine obtained by performic acid 
oxidation was lower than might be expected from the iodine anal- 
yses of the iodine-treated protein, I-Oval, and, together with the 
absence of iodine in Oval-N Hp, indicates a sequence of reactions 
somewhat different from those of lactoglobulin. The iodine con- 
sumption of this derivative is higher than that of 1-Oval and is 
half that of the parent protein. This may be due in part to re- 
duction, by the large excess of mercaptan, of any protein sulfenic 
acid resulting from hydrolysis of sulfenyl iodide, followed by an 
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Fic. 1. The effects of modification with different mercaptans 
upon the sedimentation behavior of 8-lactoglobulin (8-LG). Up- 
per left, B-lactoglobulin; upper right, B-LG-OH. Lower left, 8B-LG- 
NH; lower right, B-LG-COOH. Direction of centrifugation is 
toward the left. For details, see Table II and text. 


exchange reaction. For example, 
P—SOH + RSH — P—S—S—R + H:O 
P—S—S—R + RSH — P—SH + RSSR 


Another explanation may be found in the mercuribenzoate anal- 
yses of Table III. It has been demonstrated (1, 8) that native 
ovalbumin possesses three sulfhydryl groups which react with 
mercuribenzoate, whereas the heat or urea denatured protein 
exhibits four such groups. Various preparations of Oval-NH» 
contained from 2.3 to 2.8 mercuribenzoate-reactive sites. The 
number of such sites increased only to 2.9 upon denaturation. 
Thus it would appear that the mercaptoethylamine-modified 
ovalbumin is easily denatured during preparation, so that the 
“masked” sulfhydryl group which is unreactive toward iodine in 
the native protein now becomes susceptible to analysis. Disul- 
fide exchange reactions leading to a decreased taurine analysis 
and an increased sulfhydryl content might also occur. 


P—SI + R—SH — P—S—S—R + Ht + [- 
P—S—S—R + R—SH — P—SH + RSSR 


The mixed disulfide of ovalbumin and 2-mercaptoethanol has 
also been prepared and some of its properties are listed in Table 
III. This derivative, Oval-OH, is markedly more stable than 
Oval-NH2 and has been obtained in crystalline form. Other 
differences are apparent from the p-chloromercuribenzoate anal- 
yses. The normal unreactivity toward iodine of the ‘‘masked”’ 
sulfhydryl group is now clearly demonstrable, and the native 
modified protein has no mercuribenzoate-reactive sulfhydry] 
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TaBLeE III | 
Analysis of modified ovalbumins (Oval) 
CMBt-reactive sites 
Taurine 
Protein reacted I, content 
Native 
equivalents /mole moles /mole moles / mole 
Oval 6.1 + 0.1f 0 0 3.1 + 0.14.1 + 0.1 
1-Oval 2.32 0.3 1.5-1.7 
Oval-NH2 3.2 + 0.5 0 0.94- 2.3-2.8 2.9 
1.27 
Oval-OH 0.8 + 0.1 0 0 1.2 


* After performic acid oxidation. 

+ CMB, p-chloromercuribenzoate. 

t Average and maximum deviation of three or more determina- 
tions. 


groups. ‘This suggests that a disulfide exchange reaction similar 
to that postulated during the preparation of Oval-NH, is not a 
factor with this mercaptan. 

Ultracentrifugal studies of the various modified ovalbumins 
have not indicated any variations from the behavior of the parent 
protein. 


DISCUSSION 


Lactoglobulin has been reported to have a molecular weight of 
about 37,000 and to contain two sulfhydryl groups per mole. 
Recent data suggest that the true molecular weight of the lacto- 
globulin monomer is closer to 17,000 (9). Thus it is perhaps not 
surprising that the reaction of iodine with lactoglobulin proceeds 
as though only one type of sulfhydryl group were involved. The 
simplicity of this system permits a rather satisfactory analysis of 
the chemical nature of the two types of sequential modification 
reactions. At temperatures near 0°, 4 equivalents of iodine react 
with lactoglobulin (mol. wt. 37,000) to form a modified protein 
in which the two sulfhydryl groups of the parent protein have 
been converted to the sulfenyl iodides. This derivative is suffi- 
ciently stable under these conditions to permit its further reaction 
with simple mercaptans to form a variety of modified lactoglobu- 
lins in which the original sulfhydryl groups have been converted 
into mixed disulfides of the protein and the low molecular weight 
mercaptans. The mercaptoethylamine, mercaptoethanol, and 
thioglycollate derivatives have been prepared. Ultracentrifugal 
studies of these proteins carried out at pH 7.8 showed them all 
to be identical in behavior to lactoglobulin itself. A single peak 
of 2.8 S was observed in all cases. Under somewhat different 
conditions, however, it was possible to demonstrate clearly an 
effect of these modifications on one aspect of the structure of the 
parent protein. Timasheff and Townend (7) have shown that 
lactoglobulin exhibits two components in the ultracentrifuge if 
the pH is held near 4.6 and the temperature at 2°. The typical 
2.8 S component is present and a heavier, 5S, component, derived 
from polymerization of the A genetic type present in the mixed 
sample, is also observed. The area ratio of these peaks 
is constant under specified conditions of buffer, tempera- 
ture, and protein concentration. Modification of lactoglobulin 
by introduction of mercaptoethanol residues leads to decreased 
polymerization of the A component, whereas the mercaptoethyl- 
amine derivative shows a complete loss of the ability to polymerize. 


Analysis of Modified B-Lactoglobulins and Ovalbumins 
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The introduction of thioglycolate residues appears to ha.e no 
effect. A more detailed analysis of the systems will be required 
before an attempt to explain these differences can be made. 
It does appear, however, that these modified derivatives provide 
a possible route to increased understanding of the protein- 
protein interactions of lactoglobulin, particularly in view of the 
recent finding by Tanford and Nozaki (10) that the A form of 
lactoglobulin differs from the B form only in having two more 
titratable carboxyl groups. 

Ovalbumin presents a considerably more complicated picture, 
This, perhaps, should be expected since this protein contains four 
sulfhydryl groups of widely varying reactivity toward different 
sulfhydryl reagents. One of the four is inaccessible to p-chloro- 
mercuribenzoate in the native protein and is also unreactive to- 
ward iodine. The stoichiometry of the iodine reaction and other 
evidence indicate that three sulfeny] iodides of varying stability 
are formed. One undergoes almost instantaneous decomposi- 
tion, but the other two are more stable. After 2 days of dialysis 
in the cold, iodine analysis of the protein indicates that only 15 
to 25% decomposition of these 2 groups has occurred. This 
enhanced stability over that described in Table I is probably due 
to the decrease in pH during dialysis. Decomposition, rather 
than a more specific term, must be employed, since the products 
are unknown, but hydrolysis to sulfenic acid seems the most likely 
result. 

Reaction of the ovalbumin sulfeny] iodide with simple mer- 
captans soon after the addition of iodine leads to remarkably 
different results with different reagents. The product formed 
with mercaptoethanol shows no evidence of protein sulfhydry] 
by the mercuribenzoate reaction. Upon denaturation with urea, 
however, the single masked sulfhydryl of ovalbumin is readily 
observed. 

The reaction of mercaptoethylamine with ovalbumin sulfeny] 
iodide yields a product highly reactive toward iodine and mer- 
curibenzoate. This modified ovalbumin is quite easily denatured 
during isolation so that measurements of sulfhydry] content made 
in the presence or absence of urea are not as definitive as those 
with the much more stable mercaptoethanol derivative. It is 
apparent from the taurine analysis, however, that at least one 
sulfenyl iodide is converted to the mixed disulfide. The other 
two original reactive sulfhydryl groups are completely regener- 
ated, and the fourth, masked, sulfhydryl remains intact through- 
out. A regeneration of free protein sulfhydryl from sulfenyl 
iodide in the presence of excess low molecular weight mercaptans 
could occur by the exchange reactions noted previously. The 
results obtained with different mercaptans on the different oval- 
bumin sulfhydryl groups demonstrates clearly, however, the com- 
plex and varied nature of sulfhydryl exchange reactions, particu- 
larly in native proteins. It may also be pointed out that these 
investigations suggest that the role of the free sulfhydryl group 
in the maintenance of protein structure is a limited one. In no 
case was there evidence that any of these modifications produced 
directly a great change in the native structure of the protein 
molecule. Although protein sulfenyl iodide has been previously 
described as a product of the reaction of iodine with tobacco 
mosaic virus protein (11), it could not subsequently be made to 
react without a prior denaturation of the protein. The produc- 
tion of reactive sulfeny] iodides in these proteins raises the ques- 
tion as to their existence in other proteins in vivo and their 
possible participation in metabolic processes involving iodine. 
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In this regard it is perhaps worth noting that iodine bound as 
sulfenyl iodide would probably appear as iodide in the usual pro- 
tein isolation procedures. 


SUMMARY 


1. Derivatives of ovalbumin and @-lactoglobulin in which the 
sulfhydry] groups have been converted to sulfeny] iodides have 
been described. 

2. The reactivity of the sulfenyl iodides has permitted the 
preparation and partial characterization of native modified pro- 
teins in which some or all of the original sulfhydryl groups are 
converted into mixed disulfides with any of several low molecular 
weight mercaptans. 

3. Differences in reactivity toward two simple mercaptans of 
sulfeny] iodide groups in the same and in different proteins have 
been discussed in regard to possible variations in the occurrence 
of the sulfhydryl-disulfide exchange reaction in these systems. 


L. W. Cunningham and B. J. Nuenke 
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In animals, liver tryptophan pyrrolase was induced independ- 
ently by administration of its substrate L-tryptophan (1), and 
of the hormone hydrocortisone (2). Some analogues of tryp- 
tophan which are not substrates of the tryptophan pyrrolase, 
such as a-methyl-pL-tryptophan (3) and p-tryptophan,' have 
been reported to induce the enzyme in intact animals. Since 
a substance may cause enzyme induction in vivo by stress- 
induced adrenal secretion and the hormone-induced mechanism, 
adrenalectomized rats were used to determine the specificity 
of the substrate-induced enzyme response. The same analogues 
of tryptophan also were tested as substrates, inhibitors, and 
stabilizers of the cell-free enzyme preparation to determine 
whether there was any relation between the inducing activity 
of a substance and its affinity for the enzyme. 


METHODS 


Compounds—Dr. Karl Pfister, Merck and Company, Inc. 
gave us the sample of a-methyl-pL-tryptophan. Dr. R. Snyder, 
Urbana, Illinois, gave us the samples of pL-tryptazan, 5-methy]- 
DL-tryptophan, and 6-methyl-pL-tryptophan. N“-Acetyl-L- 
tryptophan was synthesized by the method of du Vigneaud and 
Sealock (4). The remaining compounds were purchased from 
commercial sources. 

Induction—Adult albino rats were adrenalectomized 4 to 6 
days before use and were maintained on daily subcutaneous 
doses of 0.5 mg of deoxycorticosterone acetate. This treatment 
prevented the early death of the rats after tryptophan injec- 
tions (1). The test compounds were given intraperitoneally as 
suspensions in 0.9% NaCl at a dose of 50 mg in 1 ml for each 
100 g body weight. Controls received 0.9% sodium chloride 
injections. The animals were killed four hours after injection 
and the livers removed for immediate assay of tryptophan pyr- 
rolase. 

Enzyme Assay—The assay of tryptophan pyrrolase was that 
described earlier. It consisted of the measurement of kynu- 
renine formed during a 1-hour incubation with two concentra- 
tions of liver homogenate (5), and with the addition to the 


* This investigation was supported by United States Public 
Health Service Grant A567 and by United States Atomic Energy 
Commission Contract No. AT (30-1)-901 with the New England 
Deaconess Hospital. 

+ Acknowledgment is made to National Science Foundation 
Grant No. 7482. Present address, National Institute for Medical 
Research, Mill Hill, London, N.W. 7. 

1 T. I. Geschwind, personal communication, 1956. 


-tophan. 


system of catalase, glucose, and glucose oxidase (2). 
was referred to the dry weight of the homogenate. 
Similar assays on fresh homogenates of liver from normal 
rats were used to determine the affinity of the tryptophan ana- 
logues for the enzyme. In the tests for substrate activity, the 
analogues replaced L-tryptophan in the incubation mixture. In 
the tests for inhibitor activity, they were added to the tryp- 
tophan-containing system at twice the concentration of L-tryp- 
In the tests for stabilization of the enzyme, the com- 
pounds in the usual substrate concentrations were incubated 
for 30 minutes with the otherwise complete system before L- 
tryptophan was added for the 1-hour assay. Comparisons were 
made in each instance with the activity on L-tryptophan de- 
termined at the same time with the same enzyme preparation. 


Activity 


RESULTS 


The levels of tryptophan pyrrolase induced by the injection 
of the test compounds are shown in Table I (second column) 
and compared with the evidence for affinity of these compounds 
with the enzyme in tests in vitro (last 4 columns). 

Inducers—Of the analogues tested in the adrenalectomized 
animals, p-tryptophan and a-methyl-pL-tryptophan were po- 
tent inducers, though less effective than L-tryptophan, and N°- 
acetyl-L-tryptophan had moderate inducing activity. A sepa- 
rate experiment showed that one of the ineffective compounds, 
5-methyltryptophan, administered in the same dosage 2 hours 
before injection of hydrocortisone, did not alter the induction 
of tryptophan pyrrolase by hydrocortisone. The enzyme level 
after hydrocortisone was equivalent to 25.0 and after pretreat- 
ment with 5-methyltryptophan to 26.5 umoles per g dry weight 
per hour. 5-Methyltryptophan also did not induce tryptophan 
pyrrolase in Pseudomonas (6). In bacteria, 5- and 6-methyl- 
tryptophan and tryptazan inhibited growth and the last two 
inhibited formation of inducible enzymes (7, 8). 

Substrates—5-Methyl- and 6-methyl-pL-tryptophan were con- 
verted by the liver enzyme to products with maximum absorp- 
tion at 360 mu, which were believed to be analogues of ky- 
nurenine. Ichihara et al. (10) previously observed that liver 
homogenates oxidized 5-methyltryptophan to a kynurenine-like 
product. The tryptophan pyrrolase of Pseudomonas does not 
oxidize 5-methyltryptophan (11). N*-Acetyl-L-tryptophan was 
very slightly converted to kynurenine by crude liver enzyme 
preparations, but only after its hydrolysis to free tryptophan. 
This reaction was eliminated by partial purification of the 
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TABLE I 
Activity of tryptophan analogues as in vivo inducers, and as in vitro substrates, inhibitors, and stabilizers of rat liver tryptophan pyrrolase 


Tryptophan pyrrolase was determined in individual livers after induction in vivo as described in the text. The mean activity and 
number of animals used (parentheses) is given in Column 2 for each compound tested. The coefficient of variation for this group of 


analyses was +22%. 


The compounds were tested in vitro with the cell-free enzyme from normal rats as described in the text. 


Their activities as sub- 


strates (Column 3), as inhibitors at twice the L-tryptophan concentration (Column 4), and as stabilizers of the enzyme during a 30- 
minute incubation before the assay (Columns 5 and 6), are given as % compared with the activities with L-tryptophan determined at 


the same time. 


In vivo In vitro 
Compounds Inhibition of 
Activity induced Oxidation as substrate — — Stabilization after 30 minutes at 37° 
pmoles/g dry wt/hr % % % % 

a-Methyl-puL-tryptophan.................. 19.0 (3) 0 14 99 
Ne-Acetyl-L-tryptophan.................. 10.0 (6) 0* 0 17 
5-Methyl-pL-tryptophan.................. 5.2 (2) 10 29 45 
6-Methyl-pL-tryptophan.................. 3.4 (2) 10 0 44 

0.9% Sodium chloride solution........... 6.2 (6) 33T 14¢ 


| « Slight activity observed in homogenates was eliminated by purification of the enzyme. 
+ Activity remaining after 30 minutes’ incubation without addition of any compound. 


tryptophan pyrrolase (see also (9)). 


None of the other com- 
pounds tested were oxidized by the enzyme. 
The lack of oxidation of a-methyl-pL-tryptophan supports 


_ the conclusion tentatively reached by Sourkes and Townsend 
(3), who reported that, in a few experiments, the amount of 
material with absorption at 360 my increased during the reac- 


tion. 


However, extensive study of this point by them and by 
us failed to demonstrate any detectable formation of a-methy]- 
kynurenine. 

Inhibitors—p.-Tryptazan, 5-methyl-pL-tryptophan, and a- 
methyl-pL-tryptophan were decreasingly inhibitory in that or- 
der. Similar mild inhibitions of the Pseudomonas tryptophan 
pyrrolase by 5-methyltryptophan (12) and of the rat liver en- 
zyme by a-methyl-p.-tryptophan (3) have been recorded pre- 
viously. The latter inhibition appeared to be competitive. 
None of the compounds tested showed the strongly inhibitory 
action of 5-hydroxytryptophan on the Pseudomonas enzyme (12), 
or on the liver enzyme (13). 

Stabilizers—In the absence of its substrate there is rapid in- 
activation of the pyrrolase when incubated at 37° as a liver 


homogenate (9), as a purified preparation (9), or in slices (2), 
_ and when stored as a homogenate for longer periods at 2° (14). 
_.-Tryptophan stabilizes the enzyme under these conditions by 
unknown mechanism (15). 


As shown for two representative 
experiments in Table I, besides L-tryptophan, only a-methy]l- 
DL-tryptophan stabilized the enzyme significantly, and it was 
as effective as L-tryptophan. Sourkes and Townsend (3) dis- 
covered this stabilizing effect of a-methyl-pL-tryptophan on 
tryptophan pyrrolase. Very slight stabilizing effects were ob- 
served with most of the other compounds listed as well as with 
a number of other indole compounds. 


DISCUSSION 


Since the stress of injection of compounds can induce the 
liver tryptophan pyrrolase by activating adrenal hormone se- 
cretion, the specificity of substrate-type induction can be tested 


only in adrenalectomized animals. The present experiments 
demonstrate that several tryptophan analogues have inducing 
actions of the substrate type. The inducing activity of two 
of these, p-tryptophan and N°-acetyl-L-tryptophan, may pos- 
sibly be referable to their conversion in the animal to L-tryp- 
tophan. Both of these compounds can replace tryptophan in 
the diet of the growing rat (16, 17), but it is not known if their 
rate of conversion to L-tryptophan is sufficient to account for 
the inducing actions observed. There are indications that in 
man D-tryptophan and N°-acetyl-L-tryptophan may be oxidized 
directly by reactions like that catalyzed by tryptophan pyr- 
rolase. Administration of these compounds to man results in 
the excretion respectively of p-kynurenine and N*-acetylkynu- 
renine (18, 19). However, there is no evidence that the in- 
tact rat or the cell-free rat enzyme oxidizes these compounds 
directly. The two compounds showed no evidence for affinities 
with the enzyme in the present experiments and their role as 
inducers, direct or indirect, remains to be clarified. It is un- 
likely that the other effective inducer, a-methyl-pL-tryptophan, 
is converted to tryptophan to an appreciable extent by the 
rat. 

It is now recognized that an inducer of a microbial enzyme 
need not be a substrate, or even an inhibitor of that enzyme. 
The present results establish this fact for the liver tryptophan 
pyrrolase induction. The three tryptophan analogues that were 
effective inducers were not oxidized by the enzymes. Slight ac- 
tivity as a substrate (5- and 6-methyltryptophans) or as an in- 
hibitor (5-methyltryptophan and tryptazan) was not sufficient 
to permit induction. The ability to stabilize the enzyme in vitro 
at 37°, shown only by L-tryptophan and a-methyl-pL-tryptophan, 
stands out as a possible correlative of the inducing activity. This 
correlation is valid only if it is assumed that p-tryptophan and 
N*-acetyl-L-tryptophan do not induce the enzyme directly, 
since they did not stabilize the enzyme. The methyltrypto- 
phans, weakly active as substrates, also did not stabilize the 
enzyme. Dashman and Feigelson (20) also found no relation- 
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ship between the abilities of p-tryptophan and other analogues 
to induce the enzyme in vivo and to stabilize it at 4° in vitro. 

It is necessary to point out that the stabilization in vitro of 
tryptophan pyrrolase by L-tryptophan and by a-methyl-pL-tryp- 
tophan indicates only some specific type of interaction in vitro 
with or affinity for the enzyme. So far as is known, it is not 
a mechanism by which the induced levels in vivo of the en- 
zyme could arise. Dubnoff and Dimick (14) suggested that 
stabilization by administered tryptophan of the tryptophan pyr- 
rolase being continously synthesized in the liver might account 
for accumulation of the high levels of enzyme found in treated 
rats. However, they observed only the stabilization in vitro 
against inactivation which occurs in the absence of tryptophan 
during incubation or prolonged storage of cell-free enzyme 
preparations. There is no evidence available for a similar sta- 
bilization in vivo. Extraction of the enzyme from the tissue 
in the absence of added tryptophan does not entail losses of 
activity, and extraction in the presence of added tryptophan 
does not result in higher activity. The lag period between 
tryptophan administration and enzyme accumulation indicates 
that a slower process than stabilization by tryptophan pro- 
duces the high enzyme activities. Time curves relating the 
levels of free tryptophan and of tryptophan pyrrolase in the 
liver during induction (2) show that free tryptophan reaches 
its maximum level in the liver while the enzyme level is still 
normal, and that the tryptophan level is reduced to normal 
by the time the enzyme activity becomes maximal. Elevated 
enzyme levels then persist for some hours while the free tryp- 
tophan level is normal. The induction of tryptophan pyrro- 
lase in liver slices also separated the two phenomena of in- 
duction and stabilization (2). Thus, stabilization of the enzyme 
in incubated slices required only the addition of tryptophan, 
whereas induction of a net increase of enzyme in slices required 
tryptophan and also a complex medium of the type adequate 
to support protein synthesis. 


SUMMARY 


1. p-Tryptophan, a-methyl-pL-tryptophan, and N°-acetyl-L- 
tryptophan showed substrate-type induction of liver tryptophan 
pyrrolase in adrenalectomized rats. 6-Methyl- and 5-methyl- 
DL-tryptophans and pL-tryptazan were ineffective as inducers 


Specificity of Tryptophan Inducers 
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in vivo although the first two were slowly oxidized by prep- 
arations of the enzyme, and the last two slightly inhibited the 
enzymic oxidation of tryptophan. 

2. Although a-methyl-pL-tryptophan was an inducer, it was 
not a substrate of the enzyme. It showed some affinity for 
the enzyme, manifested by mild inhibitory action and by high 
activity in stabilizing the enzyme in vitro. A stabilization ef- 
fect does not appear a likely explanation for the ability of a- 
methyl-pL-tryptophan (or of L-tryptophan) to induce the ac- 
cumulation of the enzyme in vivo. : 


REFERENCES 


. AvERBACH, V. H., Thesis, Harvard University, 1957. 
. ParveEE, A. B., AND PrEsTIDGE, L. S., Biochim. et Biophys. 
Acta, 27, 336 (1958). 
. Burton, K., Biochem. J., 61, 473 (1955). 
. Knox, W. E., anp MEHLER, A. H., J. Biol. Chem., 187, 419 
(1950). 

10. K., Kometant, K., anp Sakamoto, Y., J. Biochem. 
Tokyo, 42, 519 (1955). 

11. Hayatsui, O., AND STANIER, R. Y., J. Bacteriol., 62, 691 (1951). 

12. Hayatsni, O., in W. E. McELroy anp H. B. Guass (Editors), 
Amino acid metabolism, The Johns Hopkins Press, Balti- 
more, 1955, p. 919. 

13. K., Sakamoto, Y., H., Oxapa, N., ITo, K., anp 
Suinkal, T., J. Biochem. Tokyo, 43, 821 (1956). 

14. Dusnorr, J. W., anv Dimick, M., Biochim. et Biophys. Acta, 
31, 541 (1959). 

15. TANAKA, T., AND Knox, W. E., J. Biol. Chem., 234, 1162 (1959). 

16. Bera, C. P., anp PotaiEtTerR, M., J. Biol. Chem., 94, 661 
(1931-32). 

17. pu VIiGNEAuD, V., SEALocK, R. R., anp Van Etten, C., J. 
Biol. Chem., 98, 565 (1932). 

18. LANGNER, R. R., anp Bera, C. P., J. Biol. Chem., 214, 699 
(1955). 

19. Price, J. M., aNnp Brown, R. R., J. Biol. Chem., 222, 835 
(1956). 

20. DasaMan, T., FEIGELSON, P., Abstracts of the 186th meeting 

of the American Chemical Society, Washington, 1959, p. 41C 


1. Knox, W. E., Brit J. Exptl. Pathol., 32, 462 (1951). 

2. CivEN, M., AND Knox, W. E., J. Biol. Chem., 284, 1787 (1959). 

3. SourKEs, T. L., AND TOWNSEND, E., Can. J. Biochem. and 
Physiol., 383, 735 (1955). 

4. pu VIGNEAUD, V., AND SEALOcK, R. R., J. Biol. Chem. 96, 511 
(1932). 

5. Knox, W. E., anp AvERBACH, V. H., J. Biol. Chem., 214, 307 
(1955). 

6 

7 

8 

9 


|” 
ha 
On 
nec 
of 
ce 
of 
th 
(S 
hu 
| me 
L-C 
het 
of 
th 
| 
pre 
(6 
lyz 
50 
Wa 
pe 
iliz 
fol 
wa 
an 
gre 
pr 
tw 
irc 
m 
(st 
an 
Re 


951). 
ors), 
salti- 


4cta, 


959). 
661 


Tne JOURNAL OF BIOLOGICAL CHEMISTRY 
Vol. 235, No. 6, June 1960 
Printed in U.S.A. 


The Reversible Binding of Half-cystine Residues to Serum 
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All the serially propagated mammalian cell cultures so far 
examined, as well as monkey kidney cells in primary passage, 
have been found to require a minimum of 13 amino acids (1-4). 
One of the 5 amino acids regularly required in culture, but not 
necessary for nitrogen balance in man, was L-cystine. In many 
of the experiments, however, there was definite if limited initial 
cellular growth in a cystine-free medium, indicating the presence 
of a mechanism for its provision. It was subsequently found 
that a number of inorganic reducing agents containing sulfur 
(S™, S203, S:07, SO3) would greatly promote the growth of 
human, monkey, and mouse cells in a presumably cystine-free 
medium, and that p-cystine, p-homocystine, L-cysteamine or 
L-cystamine, and thioglycolate were also effective. As will be 
here shown, these compounds are not used for the biosynthesis 
of L-cystine, but act by mobilizing half-cystine residues bound 
through disulfide bonds to the serum protein of the medium. 


EXPERIMENTAL 


Methods 


Cell Cultures—The medium used in these experiments was the 
minimal medium previously described (5), consisting of the 13 
presumably essential amino acids (1-3), the 8 essential vitamins 
(6), 6 ionic species (7), and glucose, supplemented with 5% dia- 
lyzed human serum in the case of the human cell lines, and 1 to 
5% dialyzed horse serum in the case of the mouse cells. Cystine 
was omitted from the basal growth medium in most of the ex- 
periments of the present paper. The serum had been stored at 
—20° for 1 to 8 weeks before use, and was then either filter-ster- 
ilized, or dialyzed against running tap water at 10° for 21 hours, 
followed by dialysis against distilled water for 3 hours. Tonicity 
was restored by the addition of 45 volume of 17% NaCl, after 
which the serum was sterilized by filtration at room temperature 
and stored at 2-5° until used. 

The methods of propagating the cultures, and of assaying the 
growth-promoting activity of various metabolites, have been 
previously described (1-6). The cell lines used (cf. (8)) included 
two deriving from human cancers (HeLa and KB), three deriving 
from normal human tissue (liver, conjunctiva, and intestine), 
monkey kidney cultures in primary passage, a mouse fibroblast 
(strain L-929), and a culture of a mouse cancer (8-180). 


* Laboratory of Cell Biology, National Institute of Allergy 
and Infectious Diseases. 
_ t Laboratory of Biochemistry, National Institute of Dental 
Research. 


Amino Acid Analysis—The concentrations and specific activ- 
ities of cystine and other amino acids were determined by analy- 
sis of the effluent from ion exchange columns, following the 
procedures which have been described (9). The methods devised 
for the separation of cyclic imino acids (10) also separated all 
of the neutral and acidic amino acids in a protein hydrolysate 
except tyrosine and phenylalanine; and this procedure was used 
for some of the samples. In later experiments an automatic 
amino acid analyzer! similar to that devised by Spackman et al. 
(11) was used. 

It is important to note that the various procedures used for 
the preparation of samples for analysis would generally result 
in the oxidation of cysteine, if present, to cystine. If this was 
in doubt, the sample was allowed to stand at neutral or slightly 
alkaline pH for several hours at room temperature before analy- 
sis. 

Amino Acids—We are indebted to Drs. M. D. Armstrong, 
J. E. Folk, J. P. Greenstein, and Vincent du Vigneaud for their 
generosity in supplying purified samples of L- and p-methionine, 
L- and p-homocystine, L-cystathionine, and L-allocystathionine. 
Many commercial lots of L- and p-homocystine, pL-homocysteine 
thiolactone, Lt-glutathione, and pt-allocystathionine tested were 
so badly contaminated with other compounds as to render them 
unsatisfactory for use. 

Serum Protein Fractions—We are indebted also to Dr. Robert 
B. Pennell for his courtesy in preparing Fractions I, II, III, IV-1, 
and IV-4, and V of a pooled human serum (12, 12a). . 


RESULTS 


1. Growth-promoting Action of Inorganic Sulfur Compounds— 
In a cystine-free medium supplemented with human serum which 
had been stored in the frozen state before dialysis, every human 
cell line studied grew slowly at a rate which increased with the 
concentration of serum (Fig. 1). The two mouse cell lines did 
not grow significantly with serum alone. With all the cell lines, 
a number of inorganic S compounds had a striking growth-stim- 
ulatory effect, illustrated in Fig. 1 by the growth response of a 
human and mouse cell to 0.05 mm NaSOs. (A similar effect of 
Na2SO; had been observed in primary cultures of rat connective 
tissue (13).) In the present experiments, sulfide, dithionite, 
thiosulfate, and colloidal S were also active with all the human 
cell lines; and they were similarly effective, if less regularly, with 
the mouse and monkey kidney cultures. Sulfate ion was, how- 


1K. A. Piez, to be published. 
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Fic. 1. The growth response of the HeLa cell (©) and of a 
mouse fibroblast (O) to dialyzed serum in a presumably cystine- 
free medium, and the growth-stimulatory effect of NaSO3. 


Protein-bound Half-Cystine Residues and Cell Growth 


K B 
T T T T 
I =L-CYSTINE 
pee IL = L- CYSTATHIONINE 
abs II = L- HOMOCYSTINE 
X IZ = D-CYSTINE 
< Y = L-CYSTAMINE 
? = WI = D-HOMOCYSTINE 
S ly, 
VI 
Cw 
aon 
O 
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Fic. 2. The growth response of a human intestinal cell to 
to a number of inorganic S compounds in a presumably cystine- 
free medium. 


ever, totally inactive. Typical growth responses to some of the 
inorganic sulfur compounds are shown for the HeLa cell in Fig. 2. 

2. Growth-promoting Action of D-Cystine, D (L)-Homocystine, 
L-Cysteamine, L-Cystamine, Reduced and Oxidized Glutathione, 
and Thioglycolate—In varying degree, all these compounds pro- 
moted growth in a medium lacking added cystine (Table I and 
Fig. 3). In confirmation of previous reports (14-16), L-cys- 


tamine and L-cysteamine were toxic at concentrations greater 
than 0.05 mM; and that toxicity may have masked the growth- 
promoting activity of these compounds in previous studies. 
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CYST(E)INE-FREE MEDIUM 
Fic. 3. The growth response of the KB cell in a presumably 
cystine-free medium to a number of organic —SH and —S—S— 
compounds. 


.2mM 


In contrast to the results obtained in primary cultures of rat 
connective tissue (13), L-glutathione definitely promoted growth 
of the serially propagated cell lines here studied. As shown by 
experiments with glutathione-S*, this was only in part due to its 
hydrolysis to cysteine.2_ p-Methionine and t-methionine had a 
slight activity at extremely high concentrations, 100 times greater 
than those necessary for the growth of cells in a methionine-free 
medium. This slight activity may have been due to associated 
impurities, but may also have reflected a minor biosynthesis of 
cystine by the cell.2, Cysteic acid and L-allocystathionine were 
wholly inactive (cf. (13)). .L-Cystathionine was as active as L- 
cystine itself, reflecting its utilization by the cell as a source of 
L-cysteine (17, 17a). 

At first sight, these results suggested that the human, monkey, 
and mouse cell cultures here studied resembled a variety of bac- 
teria and molds (18-21), as well as whole animals (22, 22a), in 
their ability to synthesize cystine from reduced inorganic sulfur 
compounds in amounts sufficient for growth. The activity of 
D-cystine, D-homocystine, cysteamine, cystamine, and thiogly- 
colate appeared referable to the liberation of inorganic sulfur by 
the action of cellular desulfhydrases, in the case of the —S—S— 
compounds after their reduction by the cell (23, 23a, 24). A 
similar explanation was contemplated for the activity of L-glu- 
tathione, over and above its direct conversion to cysteine; 
whereas the activity of L-homocystine could have reflected either 
its direct utilization for the biosynthesis of cysteine (17, 17a) or 
its desulfhydration by the cell, in both cases after its reduction. 
However, when Na2S**O; was used in a cystine-free medium, the 
cystine of the cell protein was totally unlabeled. Clearly, the 
inorganic sulfur compounds were aiding in the provision of 
cystine without themselves being used for its biosynthesis. 

3. Binding of Cystine to Serum Protein as Half-Cystine Resi- 
dues—The explanation for the growth-promoting effect of all 


2 Under certain conditions, glutathione, L-methionine, and L- 
homocystine permit a limited biosynthesis of cystine by cell 
cultures. (H. Eagle, V. O. Oyama, and K. A. Piez, to be pub- 
lished). 
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the compounds listed above lies in the fact that the serum pro- 
tein used in the growth medium reversibly binds significant 
amounts of cystine as half-cystine residues. When whole horse 
or human serum as prepared for use in the present experiments 
was heated to 100°, the supernatant fluid contained approxi- 
mately 0.03 to 0.05 mm free cystine. The concentration of 
cystine in the ultrafiltrate or trichloroacetic acid extract of such 
sera was, however, less than 0.002 mm. Most of the cystine or 
cysteine in the serum had apparently become bound to the pro- 
tein; and this was not removed by dialysis for 24 hours against 
running tap water at 18° for 24 hours, or against 0.15 N NaCl at 
37°. As will be discussed in a following section, the free cystine 
which appears on heating to 100° probably reflects the liberation 
of half-cystine residues bound to the protein in disulfide linkage. 

The bound amino acid was largely removed by treatment at 
pH 7 to 8 with 10 mm dithionite, sulfite, thiosulfate, or thiogly- 
colate, but not with sulfate. When such pretreated serum was 
then exposed to cystine-S** at 37° for 24 hours, significant 
amounts of S** were bound to the protein, increasing with the 
concentration of cystine in the fluid to reach a maximum of 
approximately 0.5 umole of S** per m] of serum, and 0.05 umole 
per mg of protein N, at a fluid concentration of 1 mM cystine 
(cf. Curve TA in Fig. 4). Only a small fraction of the bound S*® 
was removed by the following dialysis of the serum (Curve I). 
Assuming an average molecular weight of 100,000 for the serum 
proteins, the amount of S** bound in this experiment corre- 
sponded to approximatley 0.9 molecules of half-cystine per mole- 
cule of protein. The amount bound varied to only a minor 
degree with pH, in one experiment from 0.035 umole of half- 
cystine per mg of protein N at pH 3, to 0.055 at pH 7, and 0.045 
at pH 9. 

Slightly less S** was bound from cystine-S** by dialyzed serum 
not previously treated with dithionite (Curve IJ in Fig. 4). The 
difference of approximately 0.012 umole of half-cystine per mg 
of protein N, or 0.12 umole per ml of serum, presumably repre- 
sented amino acid already bound to the protein of dialyzed 
serum, and was approximately one-quarter of the total capacity 
of the serum protein. The calculated value of 0.12 umole of 
half-cystine bound per ml of native serum is to be compared with 
the 0.1 umole per ml which appears on heating dialyzed serum 
to 100°. It is clear that, consistent with previous reports (25, 
26), treatment at pH 7 with 0.01 or less dithionite had not 
created additional binding sites by reducing —S—-S— groups in 
the protein molecule itself; this was true also for serum treated 
with 10 mm NaSOs. 

When serum was pretreated with high concentrations of un- 
labeled cystine, and redialyzed before exposure to cystine-S*, 
only small amounts of S*® were bound (0.00075 umole per mg of 
protein N), reflecting the saturation of the binding sites (Curve 
III of Fig. 4). p-Homocystine or L-homocystine, and oxidized 
glutathione, similarly blocked the binding sites (Table II), 
showing that these sites react generally with —S—S— com- 
pounds. As was to have been expected, L-cysteine was almost 
inactive under conditions which would minimize its oxidation to 
cystine (Table II). | 

Fractions of serum protein prepared by the methods of Cohn 
et al. (12) all had approximately the same cystine-binding activ- 


| ity ona molar basis. As shown in Table III the residual amounts 


of cystine recovered on heating the processed fractions to 100° 
varied from 0.0045 to 0.016 umole of half-cystine per mg of 
protein N. Additionally, 0.018 to 0.068 umole were bound on 
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TABLE I 


Growth response, at maximally effective level, of human, monkey, 
and mouse cell cultures to a number of S compounds* 


Cell strains tested 
Compound for Mo nkey 
Humant primary 
passage | Fibroblast S-180 

L-Cystine + + + aa 
p-Cystine + O-+ 
L-Homocystine + 0 O-+ + 
p-Homocystine + 0 0 0 
Cystamine | 
Thioglycolate + + + + 
L-Cystathionine + + + + 
Glutathione (red) + + + +--+ 
Glutathione (ox) + + +--+ Q-+ 
Na2sS + O-+ 0-+ 0 
Na2S203 + 0-+ 0-+ 0-+ 
Na220, + + 0-+ + 
Na2SO3; + +> 0-+ 
Na2SO, 0 0 0 0 
L-Allocystathionine 0 0 0 0 
Cysteic acid 0 0 0 0 
L-Methionine 0 0 0 0 
p-Methionine 0 0 0 0 


. + = Growth response after 7 days at least one-half that ob- 
tained with L-cystine. 
+ = Growth definitely greater than control, but less than 
; | one-half that obtained with L-cystine. 
0 = No significant growth-promoting effect. 
Tt Qualitatively and quantitatively similar results were ob- 
tained with the HeLa, KB, liver, conjunctiva, and intestine 
strains. 


TaBLeE II 


Blocking of the binding sites for half-cystine residues in human 
serum protein by pretreatment with cystine, homocystine, and 
oxidized glutathione 

Dialyzed human serum previously treated with dithionite to 
remove the naturally bound half-cystine residues (cf. Table VI) 
was incubated for 20 hours at 37° at pH 7.0 with the —S—S— com- 
pounds indicated in the table, each at 2 mm. After 24 hours’ 
dialysis at 2° to remove the excess disulfide, the serum was ex- 
posed to 1 mM cystine-S** at 37° for 24 hours at pH 7.3. The 
bound S*5 was measured after dialysis for 24 hours against run- 
ning H20 at 5°, followed at 24 hours at 37° against 9 vols. of 0.85% 
NaCl. 


Half-cystine-S** bound per mg protein N, 
Pretreatment of dialyzed human moles X 10~* 
serum 

Expt. 1 Expt. 2 Expt. 3 
Untreated control........ 52 51 30.4 
u-Cysteine*.............. 24.4 
9.0 3.4 4.8 
L-Homocystine........... 6.5 7.6 
p-Homocystine........... 8.9 
Oxidized glutathione. .... 5.4 


* With 10 mm ascorbic acid to minimize autoxidation. 
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TABLE III 
Binding of half-cystine residues from cystine-S** by fractions of 
human protein 


The reaction mixture contained each of the protein fractions 
at 2 mg of N per ml, 2 mM cystine-S*5, 0.15 n NaCl, and 0.01 m 
phosphate buffer at pH 7.4. After 24 hours at 37°, 5 ml were di- 
alyzed at 2° against 45 ml of NaCl for 24 hours, the outside fluid 
being changed at 3 and 6 hours. The concentration of S**5 in the 
last dialysate was less than 7», that of the nondialysable residue. 


in N, 
Serum fraction (12) 
Originally Total proteint 
bound® cystine-S3 
Dialyzed human se- | 0.004 0.034 0.038 0.63 
rum control 
I 0.005 0.018 0.023 0.56 
II, Ill 0.005 0.018 0.023 0.57 
IV-1 0.008 0.026 0.034 
Iv-4 0.016 0.039 0.055 
V 0.010 0.068 0.078 0.84 


* Recoverable on column chromatography of a boiling water ex- 
tract. 

t Assuming 16.25% N in protein, and approximate average 
molecular weights of 100,000 per total serum protein, 150,000 for 
Fractions I, II, III, and 65,000 for Fraction V (12, 12a). 


TABLE IV 


Effect of —SH-blocking reagents on the capacity of human serum 
protein to bind half-cystine residues 

Human serum (10-ml portions) previously treated with dithi- 
onite to remove bound half-cystine residues was dialyzed for 24 
hours at 37° against 0.15 n NaCl, 0.01 m phosphate buffer at pH 
7.2, and the various —SH-reagents listed in the table at the final 
concentrations there shown. The bag was then dialyzed against 
similarly buffered NaCl to remove excess reagent, and redialyzed 
against 1 mM cystine-S* at 37° for 24 hours, again in 0.15 n NaCl 
at pH 7.2. After a final dialysis to remove excess cystine, the 
radioactivity of the serum protein was determined. The latter 
value was corrected for the minimal concentration of free cystine- 
S** in the final dialysate. 


Pretreatment of serum Binding capacity for cystine-S*5 
Moles X 107% Referred to 
—SH-blocking reagent conten of half-cystine control serum 
per mg protein N as 100 
mM 
Control serum 0 26 20 100 
Iodoacetate 2 13.3 65 
10 6.2 24 
Iodoacetamide 2 2.3 9.1 
p-Chloromercuribenzoate 2 1.4 7.0 
N-Ethylmaleimide 2 0.8 4.0 


exposure to cystine-S**, to give totals of 0.023 to 0.078 umole of 
half-cystine per mg of protein N. Assuming average and highly 
approximate molecular weights of 150,000 for the globulin frac- 
tions, I, II, and III, and 65,000 for the albumin of Fraction V 
_ (27), the amounts bound by these fractions were equivalent to 
0.56, 0.57, and 0.84 mole of half-cystine per mole of protein, 
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respectively. The actual binding capacity is probably some- 
what higher. As serum aged, it ability to react with cystine-S%* 
fell off progressively. Further, only about one-half of the 
bound half-cystine residues were usually recovered as cystine on 
heating to 100° (cf. Table V1). Correction for this in the data 
of Table III would increase the apparent binding capacity of the 
globulin and albumin to approximately 0.70 and 0.95 mole per 
mole, respectively. 

4. Nature of the Cystine-binding Site—As we have already im- 
plied, a number of observations indicated that cystine was re- 
acting with protein —SH groups. This binding was not electro- 
valent, as in the case of tryptophan for example (28), but instead, 
half-cystine residues were bound in disulfide linkage to the pro- 
tein. —SH and —S—S— compounds are known to react in a 
reversible exchange reaction (29, 29a): 


RSH and R’SSR’ = RSSR’ + R’SH, (1) 


and protein —SH groups have been shown by a number of 
workers to be reactive in this respect (30-32). Further, both 
serum albumin (25, 33-35) and globulin (25, 27) have been 
shown to contain one —SH group per molecule, consistent with 
the amounts of half-cystine residues here shown to be bound. 
These data all suggested that the reaction between serum pro- 
tein and cystine (or any other —S—S— compound) involved 
the reversible transfer of a half-cystine residue from the cystine 
to the protein —SH group: 


PrSH + CySSCy = PrSSCy + CySH (2) 
Under the conditions of these experiments the cysteine formed 


© 


S*° BOUND BY PROTEIN 
(MILLIMICROMOLES PER MG. PROTEIN N 


CONCENTRATION OF CYSTINE-S?5 
ADDED TO PROTEIN SOLUTION, mM 


Fic. 4. The amount of S*5 bound from cystine-S** by dialyzed 
human serum previously treated with hydrosulfite to remove 
unlabeled half-cystine residues (Curves I and JA); by untreated 
dialyzed serum (Curve II); and by serum previously saturated with 
unlabeled cystine, and dialyzed free of excess cystine (Curve ITI). 

The reacting mixture contained serum protein at 6.0 mg of 
protein N per ml, cystine-S*5 at the indicated concentrations, 
0.15 n NaCl, and 0.01 m phosphate buffer at pH 7.2. After 18 
hours at 37° the mixture was dialyzed against H2O at 5° for 24 
hours in a rocking dialyzer. In Curve JA, the concentration 
bound by the protein prior to dialysis was estimated by meas- 
uring the concentration of free cystine-S?5 in the reacting mix- 
ture (equilibrium dialysis between 5 ml of the experimental mix- 
ture and 1 ml of H.O) (cf. Table IT). 
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would be oxidized by oxygen to yield cystine, which would re- 
enter the reaction; or the cysteine might react directly with 
protein —SH groups in an oxidative reaction to yield the same 
protein disulfide. 

Consistent with the thesis that the reactive site was a protein 
—SH group, when serum was treated with reagents capable of 
reacting with such groups (N-ethylmaleimide, p-chloromercuri- 
benzoate, or iodoacetamide), the capacity of the protein to bind 
half-cystine residues from cystine-S** was almost completely 
blocked (Table IV). Iodoacetate was significantly less active, 
even at 10 mm concentration. 

5. Dissociation of Protein-bound Half-Cystine Residues—As 
previously indicated, only a small proportion of the bound half- 
cystine residues were removed by 24-hour dialysis against either 
water or 0.15 N NaCl at pH 7.2. This was true for both the 
naturally bound amino acid, and the S**-labeled residues intro- 
duced by exposure to cystine-S*® (cf. Curves I and IA, Fig. 4). 
The bound residues could, however, be liberated by treatment 
of the protein at pH 7 and 8 with 1 to 10 mm reduced glutathione, 
cysteamine, or thioglycolate (cf. Table V). This is probably 
the result of the reversal of Reaction 2 above with a large excess 
of —SH compound. 

Na2S204, Na2SO3, Na2S.0;, and NaS also effected the dis- 
sociation of the protein-bound half-cystine residues. A reaction 
between cystine and sulfite, analogous to that between —S—S— 
and —SH compounds, was described by Clarke (37) and Lugg 
(38): 


RSSR + NaHSO; — RSH + RSSO;Na (3) 


It is a reasonable presumption that the protein-bound residues 
similarly react with bisulfite to give free cysteine: 


PrSSCy + NaHSO; — PrSSO;Na + CySH (4) 


PrSH + CySSO;Na (5) 


The same type of reductive cleavage may be postulated to ex- 
plain the dissociation of the protein-bound amino acid by 8.03 
and 8.0%. When serum was treated with dithionite, and then 
labeled by exposure to cystine-S**, the specific activity of the 
cystine freed by heating to 100° was the same as that of the 
cystine-S*5 used for labeling, indicating that the dithionite had 


indeed removed all the naturally-bound half-cystine residues. 


In contrast, —S—S— and —S— compounds and NaSO, 
failed to effect significant dissociation of the bound amino acid 
(cf. Table V). A direct disulfide interchange reaction, of the 
type 

Pr—S—S—Cy + R—S—S—R — . 
Pr—S—S—R + Cy—S—S—R 6) 


therefore did not take place under conditions of these experi- 
ments (cf. (36)). The active dissociation of the bound half- 
cystine residues by disulfides in cell cultures is discussed in a 
following section. 

The proportion of the bound half-cystine residues which were 
liberated on heating the solution to 100° increased from 1.5% at 
pH 3.5 to 62% at pH 8, with no significant further increase up 
to pH 12 (cf. Table VI). Of the material so dissociated at pH 


8.0, approximately one-half was recovered as cystine on column 
chromatography, and approximately one-quarter as cysteic acid. 
The remainder was unidentified. It is not clear whether this 
release of cystine involves a disulfide interchange between two 
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TABLE V 
Dissociation of protein-bound half-cystine residues by reduced S 
compounds, and the inactivity of NazSO., —S—S— 
and —S— compounds 

Dialyzed human serum was treated with 0.2 mm cystine-S*5, 
and dialyzed. The residual bound S*5 was 0.174 mm; 2 ml were 
then dialyzed for 24 hours at 37° (pH 7.2) against 18 ml of the solu- 
tions indicated in the table, and the radioactivity of the dialysate 
measured. 


Concentration of compound tested 
Compound 1 mu | 2 mu | 10 mu 
Bound S* removed 
% % % 
L-Cysteamine.................. 67 93 
Glutathione (red).............. 24 
Thioglycolate................. 5.4 34 
L-Cystathionine................ 2.3 
L-Cystamine................... 7.2 
L-Homocystine................. 3.9 
p-Homocystine................. 5.3 
pL-Lanthionine................. 1.4 4.3 
Glutathione (ox)............... 1.8 
L-Methionine................... 2.7 
TaBLe VI 


Dissociation of protein-bound half-cystine residues at 100° 


Dialyzed human serum was treated with 10 mm sodium sulfite 
(or dithionite), dialyzed to remove the excess reducing agent and 
the dissociated cysteine, and then treated with 0.2 to 2 mm cys- 
tine-S** (cf. Table IV). After dialysis to remove the excess cys- 
tine, the cystine-S**5-labeled protein (in 0.15 N NaCl) was heated 
at varying pH at 100° for 10 minutes, the supernatant fluid di- 
alyzed against H.O, and the amount of radioactivity in the di- 
alysate determined. The amounts of cystine and cysteic acid in 
the extract were determined by column chromatography. Each 
row in the table represents a separate experiment. 


pH of boiled % of S* in dialysate recovered*® as 
Cystine Cysteic Acid 
% 
3.5 1.4 
4.9 8.8 
7.2 31, 41 
9.0 57, 62 
10.0 67 


* The specific activities of the isolated cystine and cysteic acid 
were 0.85 and 0.87 that of the cystine-S*5 used to label the protein. 
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TaBLeE VII 


Removal of bound cystine residues from serum protein by treatment 
with 10 mu Na2SOsz, the simultaneous disappearance of its growth- 
promoting activity in a cystine-free medium, and tts reactivation 
by L-cystine 


8-Day growth response* in cystine-free 
er medium supplemented with 
i 
Preliminary treatment of bound half- 
dialyzed human serum cystine Treated serum at 
residues 
in serum | Na2SOs 
0 2% 5% | 10% 
mM mM 
A. Untreated control 0.038 | O 0.9 | 1.5 | 1.4 | 2.0 
0.2 0.9 | 5.6 |11.7 {12.9 
B. 10 mm Na-2SO;t <0.002 | 0 0.3 | 0.5 | 0.5 | 0.5 
0.2 0.4 | 0.6 | 0.6 | 0.5 
C. Serum B, reactivated | 0.079 | 0 0.7; 1.0/1.2!) 0.8 
with 0.1 mM L-cys- 0.2 0.6) 1.1 | 3.2 | 5.8 
tinet 
Serum B, reactivated | 0.13 | 0 0.7 | 0.9 | 2.6 | 6.6 
with 1.0 mM L-cys- 0.05 | 0.6 | 5.5 |10.2 {12.6 
tinet 0.2 0.6 | 6.3 | 5.1 | 0.6 


* Referred to inoculum as 1. The inoculum was planted in a 
cystine-free medium, and the experimental fluids were added 24 
hours later, after the cells had adhered to the glass bottom of the 
culture flask. 

t Dialyzed human serum, 200 ml, was redialyzed against 1800 
ml of 10 mm Na2SO; in 0.85% NaCl at 2°. After 16 hours, during 
which the dialyzing fluid was replaced every 4 hours, the Na2SO; 
was removed by dialysis against running tap water for 21 hours, 
followed by 3 hours against distilled water. NaCl was added to 
0.85% NaCl, and the serum sterilized by filtration. 

t 50 ml of the Na2SO;-treated serum was treated with 0.5 ml of 
10 mM L-cystine at 37° for 24 hours. Excess cystine was then re- 
moved by dialysis against running tap water for 21 hours, fol- 
lowed by 3 hours against running distilled water at 5°. NaCl was 
added to a concentration of 0.85%, and the serum was filtered. 


molecules of Pr—S—S—Cy, or some type of hydrolytic or oxi- 
dative reaction. 

6. Free Cystine in Fresh and Aged Serum—The absence of 
cystine in either a trichloroacetic acid extract or ultrafiltrate of 
horse or human serum agrees with the findings of Stein and Moore 
(39) with human plasma which had been stored at —20° for 7 
months. Since deproteinized extracts of freshly drawn plasma, 
which were then allowed to stand, did contain cystine they sug- 
gested that, in keeping with the data of Fujita and Numata (40), 
circulating blood contains cysteine which is oxidatively bound 
to —SH groups of protein as the serum ages. The horse and 
human serum used in the present experiments, which contained 
essentially no free cystine, had been frozen for 1 to 8 weeks before 
use and had then been filtered at room temperature. In such 
serum, cystine was present only as protein-bound half-cysine 
residues. Freshly drawn serum or plasma did, however, contain 
free cysteine or cystine (0.04 to 0.045 mm as cystine), demon- 
strable in dialysates, and in trichloroacetic or picric acid ex- 
tracts. After 1 day at room temperature the free cystine had 
fallen to approximately one-half its original level, and it had 
essentially disappeared after 7 days. The total amount demon- 
strable in 100° extracts of the plasma remained constant over 
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this period, indicating that the free amino acid of the origina] 
plasma had been bound by the protein. 

7. Utilization of Protein-bound Half-Cystine Residues for Cell 
Growth—A number of experimental observations indicated that 
it was the protein-bound amino acid which permitted the limited 
background growth of human cells in a supposedly cystine-free 
medium (cf. Fig. 1), and that the growth stimulatory effect of 
inorganic reducing agents containing sulfur, of p-cystine, p-ho- 
mocystine, reduced or oxidized glutathione, cystamine, cystea- 
mine, and thioglycolate was due primarily to the fact that they 
promoted the dissociation of the bound half-cystine residues. 

a. When dialyzed serum was pretreated with Na.S.0; 
Na2S203, Na2SOs, or with organic —SH compounds, such treated 
serum no longer supported the growth of cells in a cystine-free 
medium (cf. Table VII). Supplementation with any sulfur 
compound, except cystathionine or cystine itself, was now wholly 
ineffective.? 

b. When such cystine-depleted serum protein was exposed to 
cystine and redialyzed, its growth-promoting activity was re- 
stored. All the sulfur compounds which had permitted growth 
with untreated native serum protein were again active. The 
rate of growth increased with both the concentration of serum 
used and the concentration of cystine to which it had been ex- 
posed (cf. Table VII). When the serum protein had been ex- 
posed to sufficiently high concentrations of cystine (e.g. 1 mm), 
it supported growth in the absence of added sulfur compounds, 
reflecting its dissociation in amounts sufficient for growth. 

c. When cells were grown in an otherwise cystine-free medium 
supplemented with serum protein carrying S**-labeled half-cys- 
tine residues, there was satisfactory correlation between the 
growth-promoting activity of the various sulfur compounds and 
the amount of S** incorporated into the cells (Table VIII). Fur- 
ther, the specific activity of the cystine in the newly synthesized 
cell protein was essentially the same as that bound to the serum 
protein. It follows, that the serum-bound amino acid was actu- 
ally being used for protein synthesis, and that the growth-sup- 
porting effect of the various sulfur compounds rested on their 
ability to make those bound residues available to the cells. 

It is to be noted that although the —S—S— compounds as a 
group had been relatively ineffective in dissociating bound amino 
acid (Table V), they were highly active in permitting cell growth 
through the utilization of the bound half-cystine residues (Tables 
Iand VIII). It is reasonable to suppose that the disulfide com- 
pound was reduced by the cells to a sulfhydryl compound which 
would free cysteine by reversal of Reaction 2 above. A small 
amount of sulfhydryl might function catalytically, since the 
cysteine formed could regenerate the original sulfhydryl com- 
pound and form cystine by this same type of exchange (Reactions 


8 and 9). Thus: 
RSSR — RSH (trace) 
2PrSSCy + 2RSH = 2PrSSR + 2CySH (7) 
CySH + RSSR = RSSCy + RSH (8) 
CySH + RSSCy = CySSCy + RSH (9) 


In addition, the cell may be able to use the mixed disulfide R— 
S—S—Cy as a source of cysteine by some other mechanism. 

That the actual sequence of events may be yet more complex 
is indicated by the fact that under suitable conditions, the half- 
cystine residues bound to protein may be used for cell growth 
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without the necessary intervention of an —S—S— or —SH 
compound, presumably by direct reduction (cf. Table VIII). 


DISCUSSION 


Evidence has been presented that —SH groups of serum pro- 
tein react with cystine to bind half-cystine residues in disulfide 
linkage. The dissociation of that protein-bound amino acid in 
cell cultures is apparently responsible both for the background 
growth observed in an otherwise cystine-free medium, and for 
the growth-promoting effects of inorganic reducing compounds 
containing sulfur, of a variety of —SH compounds, and of 
—S—S— compounds which the cells can reduce to the —SH 
form. When the serum protein of the medium had been ade- 
quately depleted of the bound half-cystine residues, there was no 
growth in a cystine-free medium. In these cultures, L-cystine is 
therefore a nutritionally essential amino acid, this despite the 
fact that the cells can carry out a limited biosynthesis from 
t-methionine (or L-homocystine) and glucose (or serine).? 

Although the serum protein of the medium may therefore 


TaBLeE VIII 


Growth response of the HeLa cell in cystine-free medium supple- 
mented with serum protein containing bound S** 
| half-cystine residues 
Showing the correlation between (a) the growth promoting ef- 
fect of various organic and inorganic sulfur compounds and (6) 
the utilization of the serum-bound half-cystine residues for cell 
protein synthesis. 


Growth response to indicated 
compounds in a cystine-free 
medium ae with 5% 
_ {serum labeled with S3 half-cystine 
Compound tested ee residues 
$%5-cystine incor- 
porated into cel 
mM pmoles 
L-Cystine 0.01 56 (0.16)t 
Thioglycolate 0.3 46 0.22 
t-Cystathionine 0.1 46 (0.15)f 
0.03 40 0.28 
t-Homocystine 0.1 37 0.18 
t-Cysteamine 0.01 25 0.16 
t-Cystamine 0.01 24 0.14 
Nae2S203 0.3 24 0.16 
p-Homocystine 1 22 0.17 
Na2S 0.03 18 0.081 
Glutathione (red) 0.1 14 (0.059 )t 
Na2sO;3 0.3 13 0.106 
pL-Lanthionine 0.01 6.5 0.022 
Glutathione (ox) 1 4.2 0.014 
0.1 1.24 0.0072 
Na2SO, 1 1.04 0.0006 
L-Methionine 0.1 0.95 0.0006 
NaCl 0.69 0.0014 


* That is, dialyzed serum which had been allowed to bind half- 
cystine residues from S*5-cystine, and had then been dialyzed free 
of excess cystine. 

t Referred to inoculum (containing 0.0303 mg of protein N) as 
1. 

t Utilization of protein-bound S*5-cystine decreased by utiliza- 
tion of the compound added to medium (cystine, cystathio- 
hine, glutathione). 
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provide L-cystine in amounts sufficient for sustained growth, 
the protein molecule itself is not used to a significant degree 
(41). This may provide a clue to the role of serum protein in 
the in vitro growth of mammalian cells. In monolayer cultures, 
protein has been found to be necessary for the adhesion of the 
cells to glass, and their subsequent flattening (42, 43). This is, 
however, clearly not its only function, for it is also required in 
suspension cultures. The possibility may be considered that the 
primary role of the serum protein is the binding of one or more 
essential low molecular weight compounds, as yet unidentified, 
which are slowly released to the medium at a rate sufficient for 
cellular growth. One analogy is provided by the binding and 
dissociation of cystine as here described, although in this case the 
active growth factor can also be supplied as the free amino acid. 
Another is the observation that in the growth of a saprophytic 
treponeme, the sole function of serum protein proved to be the 
provision of an essential, but toxic, lipid which was similarly 
bound to serum albumin and which was slowly released to the 
medium in effective and subtoxic concentration (44). 


SUMMARY 


1. Horse and human serum protein binds significant amounts 
of half-cystine residues. All the serum protein fractions tested 
(I, II, IlI, IV-1, 1V-4, V) were active, the saturation values 
varying from 0.023 to 0.078 umole of half-cystine per mg of 
protein N and (approximately) 0.56 to 0.84 molecule of half- 
cystine per molecule of protein. A number of —S—S— com- 
pounds (homocystine, oxidized glutathione, cystamine) simi- 
larly reacted with serum protein, but —SH compounds 
(L-cysteine, reduced glutathione) were not directly bound. 

2. Most of the half-cystine residues remained bound after 
prolonged dialysis at temperatures up to 37°, and were not 
removed by 8% trichloroacetic acid. They were, however, la- 
bilized by heating to 100°, the proportion so dissociated increas- 
ing from 1% at pH 3 to 60% at pH 9, and 67% at pH 10. The 
protein-bound amino acid was also dissociated by inorganic 
reducing compounds containing sulfur (SH-, SO%, 8.0%, 8.0%), 
and by organic —SH compounds (cysteine, reduced glutathione, 
cysteamine, thioglycolate). Na2SO.,, —S—S—, or —S— (me- 
thionine, lanthionine) compounds were, however, ineffective. 

3. Freshly drawn human serum contained 0.04 to 0.05 mm 
free cystine (or cysteine), demonstrable in deproteinized extracts 
(picric or trichloroacetic acid), and in dialysates. Within 24 
hours at room temperature, half of the free cystine had disap- 
peared, and none was demonstrable after 7 days. The cystine 
which disappeared had been bound by the protein. 

4. The binding site in the protein has been identified as an 
—SH group on the basis of blocking experiments with N-ethyl- 
maleimide, iodoacetamide, iodoacetic acid, and p-chloromercuri- 
benzoate; the binding reaction has been interpreted as the re- 
versible transfer of a half-cystine residue from cystine to the 
protein —SH group. 

5. The reaction of serum protein with cystine, resulting in the 
reversible binding of half-cystine residues, explains the slow 
growth of human and animal cells in a presumably cystine-free 
medium supplemented with serum protein, and the growth-pro- 
moting effect of S~, SO3, S.0%3, 8.0%, and a variety of organic 
—SH compounds. Prior removal of the bound amino acid, as 
by treatment with dithionite or thioglycollate, completely re- 
moved the growth-promoting activity of the serum protein in a 
cystine-free medium, no matter what —SH compound was used 
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as a substitute for L-cystine; the activity of the protein was re- 
stored by allowing it to react with cystine before use. 

6. A number of —S—S— compounds (p-cystine, p- or t-homo- 
cystine, oxidized glutathione) also supported cellular growth, 
despite the fact that they did not dissociate the bound half-cys- 
tine residues from serum protein in the absence of cells. Their 
activity was presumably referable to their preliminary reduction 
in cell cultures to the corresponding —SH compounds, and the 
following release, by exchange, of the protein-bound half-cystine 
residues. 
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A previous study has shown that under suitable conditions 
typhus rickettsiae can incorporate small but significant quantities 
of labeled methionine. For maximal uptake, adenosine 5’-tri- 
phosphate, glutamine, all of the naturally occurring amino acids, 
the mononucleotides, diphosphopyridine nucleotide, glutathione, 
and a soluble protein fraction from normal yolk sac tissues were 
required (1). In the hope of finding conditions which might 
increase the amino acid uptake to a magnitude approximating 
that required for growth, these studies have been continued with 
the use in more recent experiments of glycine-1-C™ as the labeled 
amino acid. Although no further cofactor requirements have 
been found, these studies have shown that the extent of the up- 
take is dependent to an unusually marked degree on the ionic 
environment. Relatively small changes have resulted in appre- 
ciably larger uptake, although the maximum observed is small 
compared to that which would be expected to accompany de- 
tectable growth. In addition the influence of several metabolic 
inhibitors on the incorporation of labeled glycine has been stud- 
ied. 


EXPERIMENTAL 


Rickettsiae—The E strain of Rickettsia prowazekii, grown in 
the yolk sac of embryonated eggs, was purified as described else- 
where (2). 

Materials and Media—The composition of the revised basal 
medium is given in Table I. For measurement of amino acid 
incorporation, the appropriate unlabeled amino acid was replaced 
by the labeled one, usually at a lower concentration than the one 
given in the table. Glycine-C™ was used at a final concentration 
of 0.005 mm. 

In some experiments the yolk sac protein was prepared as 
previously described (1), but in most of the more recent ones a 
preparation fractionated further with ammonium sulfate has 
been used. The acetone-fractionated material, after dialysis, 
centrifugation, and Seitz filtration, was fractionated with am- 
monium sulfate, which had been adjusted with ammonia to pH 
6.5. The fraction that precipitated between from 35 to 50% 
saturation was collected, dialyzed against 0.005 m phosphate, 
pH 7.1, and sterilized by filtration through an ultrafine glass 
filter. 

Glycine-1-C™, with a specific activity of 20 mc per mmole, was 
a gift from Dr. Robert B. Loftfield. It was diluted with 2.3 
parts unlabeled glycine to give the desired final specific activity. 
The source of the other chemicals has been described elsewhere 


(1). 
* This work was supported by a research grant from the Divi- 


sion of Research Grants of the National Institutes of Health, 
United States Public Health Service (Grant No. E-167C7). 


Measurement of Uptake of Labeled Glycine—These experiments 
were carried out as previously described for measurement of the 
uptake of labeled methionine, with a few minor exceptions. 
The rickettsiae were present during the incubation at a concen- 
tration of 30 to 40 ug of protein per ml, slightly lower than the 
concentration previously used. Unless otherwise mentioned, 
0.375 ug of glycine-C™, containing 7100 c.p.m., was present per 
milliliter of medium. Uptakes are given as c.p.m. per 100 ug 
of rickettsial protein, an activity of 1000 c.p.m. being equivalent 
to incorporation of 0.053 ug of glycine. Preparation of the sam- 
ples for measurement of incorporated radioactivity was carried 
out as previously described, except that during the washing pro- 
cedure a solution containing 0.1 m glycine and 0.1 m KCl was 
used. All samples were counted until a total of 2500 counts was 
recorded and the size of the samples chosen for counting was 
such that all except those from incubation mixtures which allowed 
almost no uptake had activities in the range of 100 to 400 c.p.m. 
above background. Duplicate incubations, when carried out, 
showed uptakes that agreed to within5%. However, the day-to- 
day variation in the uptake under standard conditions was much 
greater than this, so that only results obtained in the course of 
any one experiment are strictly comparable. 


RESULTS 


The sensitivity of the incorporation of glycine to variation in 
the ionic composition of the medium can be seen from the data 
given in Tables II and III. Reduction of the total osmolar con- 
centration from about 280 milliosmoles per liter to one-quarter 
of that value nearly completely eliminates the uptake of glycine. 
Restoration of the solute concentration with NaCl leads to very 
poor uptake, with sucrose the uptake is slightly better, and op- 
timal uptake can be brought about by KCl. Even a relatively 
slight decrease in osmolarity or substitution of a small proportion 
of the KCl with NaCl significantly decreases the uptake. On 
the other hand, a considerable increase in osmolarity above 280 
milliosmoles per liter, if brought about by addition of KCl, is 
without effect on the uptake, and addition of 0.1 m NaCl to 


a solution already high in KCl leads to a much smaller inhibition 


than that produced by substitution of NaCl for KCl. 

As seen in Table III, Mgt* is absolutely required for incorpora- 
tion of glycine and a level of 1.7 mm gives somewhat better up- 
take than the level of 0.85 mm used previously. Mn*t, although 
not essential, considerably increases the uptake. 

Other experiments with glycine-C™ have served chiefly to con- 
firm earlier results with methionine, but a few additional findings 
(Table IV) are worthy of mention. As shown earlier, omission 
of all of the amino acids except the labeled one and glutamine 
considerably lowers the uptake of the former. In this case it 
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TABLE I 
Composition of basal medium* 

The below medium was sterilized as described previously (1). 
In calculating the concentration of constituents present in the 
final medium, account is taken of the 5% loss in volume that oc- 
curs when solutions are autoclaved. 


Constituent Constituent concen- 
mM 
Amino acids Nucleotides 
l-Asparagine......... 0.095 0.12 
l-Hydroxyproline..... 0.095 || 5-Methyldeoxycytidy- 
l-Threonine.......... 0.14 || Cofactors 
l-Tyrosine........... 0.095 0.035 
l-Leucine............ 0.14 1.0 
l-Isoleucine.......... 0.19 Cocarboxylase...... 0.055 
l-Methionine......... 0.038 uM 
l-Phenylalanine...... 0.076 || Vitamins 
l-Aspartic acid....... 0.095 0.036 
l-Glutamine.......... 5.0 Leucovorin......... 0.036 
Salts Hemin chloride. .... 0.10 
0.76 p-Aminobenzoic 
0.046 p-Hydroxybenzoic 
Na acetate..........| 1.2 DL-a-lipoic acid.....| 2.0 
Inositol. ........... 32.0 
Choline chloride... .| 46.0 


* Yolk sac protein, 0.29 mg/ml, pH 7.0 to 7.2. 


was also found that omission of even a single amino acid strik- 
ingly decreases the uptake of glycine. This was true for omission 
of serine, threonine, or valine, the only three amino acids tried. 
Also it appears that the rather low level of amino acids used, 
about 0.1 mm, is adequate, since neither a 4-fold decrease nor a 
2-fold increase in their concentration markedly alters the uptake. 
It is perhaps surprising, in view of the small amount of glycine 
incorporated under the most favorable conditions, 7.e. about 50 
pg /100 mg of rickettsial protein in Experiments 6 and 7, that a 
requirement for other amino acids is so readily shown, a fact 
which suggests that rickettsiae contain no free amino acid pool. 

The poor uptake of glycine observed when glutamine is omitted 
has not been considered as a fourth example of dependence of 
amino acid incorporation on the presence of a single amino acid, 
as the effect of glutamine cannot be unequivocally interpreted. 
It is the only substance present which can be oxidized by the 
rickettsiae, and its removal, therefore, takes away their only 
source of energy other than ATP, which can replace glutamine, 
or glutamate, in this last capacity under some, but not under all 
circumstances (4). As substrates for oxidation glutamine and 


Incorporation of Glycine-1-C'* by Typhus Rickettsiae 
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TABLE II 
Influence of ionic environment on uptake of glycine-C'4 by typhus 
rickettsiae 
The figures in the last two columns represent the c.p.m. per 
100 ug of rickettsial protein (3) incorporated after 5 and 24 hours 
of incubation at 30° in the usual medium, modified by omission 
or by substitution with NaCl or sucrose of part of the KCl, as 
indicated in the 2nd, 3rd, and 4th columns. In these experiments 
the soluble yolk sac protein had been fractionated with acetone 
only. 


ment No. | concentration 
K* | Nat | Sucrose 5 hrs. 24 hrs. 
milltosmoles/l mM c.p.m 

1 78 37 1.5 2.7 5 6 
224 110 1.5 2.7 316 571 

284 140 1.5 2.7 386 708 

490 243 1.5 2.7 392 668 

284 37 105 2.7 43 129 

284 107 390 2.7 211 405 

284 119 22 2.7 295 577 

284 37 1.5 | 209 150 244 

2 278 32 105 2.7 92 139 
278 135 1.5 2.7 535 788 

484 135 105 2.7 346 457 

484 135 1.5 | 209 376 705 

TaBLeE III 


Effect of Mg** and Mn** on uptake of glycine-C"4 by 
typhus rickettsiae 
The figures for uptake of glycine-C"4 have the same significance 
as given in the text of Table II. In these experiments the soluble 
yolk sac protein had been fractionated with acetone only. 


Uptake of glycine-C' 
Mg*+ Mn++ 
After 5 hrs. | After 24 hrs. 
mM c.p.m 
3 0.0 0.045 1 1 
1.7 0.0 264 464 
1.7 0.045 390 703 
4 0.85 0.045 187 399 
1.7 0.045 243 461 
2.5 0.045 250 427 
1.7 0.09 237 433 


glutamate are interchangeable, due to the presence of glutami- 
nase,! and in supporting uptake of glycine they also appear to 
be equivalent (Table IV). This is in contrast to the earlier 
finding that glutamate could not replace glutamine in supporting 
the uptake of methionine-S**. It has since been found that addi- 
tion of glutamate together with glutamine reduces methionine 
uptake to the same low level as was found in the presence of 
glutamate alone. Since glutamate or glutamine, because of 


their rapid oxidation by rickettsiae, must be used in fairly high 
concentration, a relatively small contamination of glutamate 
with methionine, which would dilute the very small amount of 
labeled methionine present, would account for these results. 
As found earlier, ATP or ADP is required for significant in- 
Also, nu- 


corporation, ATP being definitely the more effective. 


1 F,. E. Hahn, unpublished observations. 
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cleotides other than adenylic acid are needed for a prolonged 
uptake. Only the ribonucleotides appear to be of importance, 
the deoxyribonucleotides being without effect on uptake. As 
can be seen in Experiment 7, the soluble protein fraction derived 
from normal yolk sacs as previously described is needed for good 
incorporation of glycine, and further fractionation of this material 
with ammonium sulfate increases its effectiveness. In this ex- 
periment both preparations were used at the same concentration, 
which was approximately optimal for each. At one-third of 
this concentration the difference between the two types of prepa- 
ration was even more marked. However, since the maximal 
uptake at the optimal concentration of each was regularly 
greater with the ammonium sulfate-fractionated material, it 
seems probable that ammonium sulfate fractionation not only 
concentrates somewhat the protein(s) responsible for improving 
the incorporation, but also removes inhibitory material. That 
yolk sac tissue does contain strongly inhibitory substances is 
seen below in the effect of normal yolk sac particles on uptake. 

Many other substances have been tested for a possible effect 
on the uptake of glycine by rickettsiae. Omission of TPN, co- 
carboxylase, or all of the vitamins from the medium had no effect 
on the uptake of glycine, but these substances have been included 
in the medium in most experiments as they occasionally appeared 
to increase the stability of the hemolytic activity of the rickettsiae 
and were at least harmless. Pyridoxal phosphate, 0.03 mm, 


TABLE IV 
Effect of alterations in basal medium on incorporation of glycine-C" 
by typhus rickettsiae 
The figures have the same significance as given in the text of 
Table II. 


Medium 
: after 24 hrs. 
c.p.m. 
Amino acids except glutamine omitted. 97 
Amino acids except glutamine reduced 
Amino acids except glutamine increased 
Serine and threonine reduced 10-fold.. .. 797 
Serime 78 
Threonine omitted...................... 70 
258 
Glutamine omitted..................... 150 
Glutamate in place of glutamine........ 710 
Glutamate and glutamine included...... 712 
AMP in place of ATP................... 112 
ADP in place of ATP................... 546 
Nucleotides except ATP omitted........ 635 
Ribonucleotides only. .................. 1010 
7 No yolk sac protein.................... 238 
Acetone fractionated yolk sac protein’. . 669 
Acetone and ammonium sulfate fraction- 
ated yolk sac protein*................ 953 


*In both cases the final concentration of yolk sac protein 
present was 0.29 mg/ml. In Experiments 5 and 6 the yolk sac 


protein had been fractionated with ammonium sulfate as well as 
acetone. 


M.R. Bovarnick and L. Schneider 
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TABLE V 


Effect of variation in concentration of rickettsiae or of labeled amino 
acid on uptake of glycine and methionine by typhus rickettsiae 


The counts are given as c.p.m. per 100 ug of rickettsial protein 
whether or not normal yolk sac particles were added, except in 
the last line of Experiment 9, when no rickettsiae were present 
and the counts are given as ¢c.p.m. per 100 ug of yolk protein. 

In Experiment 8 the basal medium described in (1) and the 
methionine preparation described there were used. The medium 
for the glycine experiments was the same as used throughout the 
remainder of the paper. 


. € 
No. particles After 5| After 24 
hrs. hrs. 
ug/ml mat c.p.m. 
8 138 0 Methionine S**° | 0.005 109 | 301 
138 0 0.0025 | 118 328 
138 80 0.0025 40 152 
496 0 0.0025 28 154 
9 48 0 Glycine-1-C!4 0.005 430 | 809 
96 0 0.005 328 579 
96 27 0.005 170 275 
96 108 0.005 65 100 
0 108 0 0 
10 31 0 Glyecine-1-C' 0.01 729 | 1184 
31 0 0.005 495 894 
363 0 0.005 30 64 


* Particles from normal yolk sacs harvested from uninfected 
eggs were prepared by the same procedure as used for preparation 
of rickettsiae, except that the last cycle of low and high speed 
centrifugation was omitted to avoid loss of almost all normal yolk 
sac material. 

t The specific activity of the labeled amino acid was the same 
at each concentration, 20,000 c.p.m. per wg in the case of methi- 
onine and 19,000 c.p.m. per ug in the case of glycine. 


flavin mononucleotide, 0.003 mm, and FAD, 0.000055 mm, gen- 
erally reduced the uptake of glycine and were therefore not regu- 
larly included. Also, the polyamines spermine and spermidine 
as well as various sugars, both free and phosphorylated, were 
either without effect or inhibitory. 

One factor that has been found to be of importance in deter- 
mining the extent of incorporation is the concentration of rickett- - 
siae during incubation. Low concentrations show appreciably 
greater uptake per milligram of protein than do high concentra- 
tions. This was first observed with methionine-S* (Table V, 
Experiment 8) and is still more marked in the case of glycine-C™. 
Since particles from normal yolk sacs, in contrast to the soluble 
yolk sac protein fraction, strongly inhibit amino acid incorpora- 
tion, part of the decreased uptake at higher concentrations of 
rickettsiae may be due to contaminating yolk sac particles. It 
seems unlikely, however, that there could be sufficient yolk ma- 
terial present to account for the major portion of the decrease, 
because (a) when yolk sacs from uninfected eggs are subjected 
to the complete purification procedure used for separation of the 
rickettsiae from infected eggs, practically no measureable pre- 
cipitate is obtained at the end of the final cycle of low and high 
speed centrifugation, and (6) rickettsiae prepared from yolk sac 
pools differing 3-fold in initial hemolytic titer have usually the 
same hemolytic activity and rate of respiration when used at 
the same final concentration of protein, the rickettsial properties 
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mentioned being the two that can be measured with a reasonable 
degree of precision. Also the rickettsial preparations show no 
microscopic evidence of contamination with other particles. It 
seems noteworthy that a similar inverse relation between amino 
acid incorporation and cell concentration has been observed with 
other cells of both bacterial and mammalian origin (5, 6). 

Dilution of the added amino acid with intracellular amino 
acid (one possible cause of such an inverse relation) is certainly 
not the explanation in the case of methionine, since doubling the 
concentration of methionine does not increase the uptake (Table 
V) in spite of the very low concentration of labeled amino acid 
used. Doubling the concentration of glycine, incorporation of 
which is even more markedly dependent on the concentration of 
rickettsiae than is that of methionine, does significantly increase 
its uptake. Therefore, the rickettsiae may either contain some 
glycine or be able to form it from one of the other amino acids 
present in the basal medium. The latter possibility was sug- 
gested by the observation of Myers et al. (7) that preparations 
of Coziella burnetii can catalyze transformylation between serine 
and glycine. In an attempt to determine whether this reaction 
was a factor in determining the amount of labeled glycine incor- 
porated, serine was omitted from the medium or reduced in con- 
centration in a few experiments. Ten-fold reduction of the con- 
centration of serine did increase the uptake of glycine, but only 
by about 20% (Table IV), whereas complete omission of serine, 
as mentioned above, drastically reduced it. Thus under the 
conditions used here, due possibly to a lack of the proper cofac- 
tors or of a source of formaldehyde, these rickettsiae apparently 
cannot form serine from glycine. Whether the reverse reaction 
takes place still is not known. 

Under the optimal conditions for amino acid incorporation, 
indicated by the data given in Tables II to V, uptake of glycine- 
C" after 24 hours has varied in numerous different experiments 
between 700 and 1400 c.p.m. per wg of protein, which is equiva- 
lent to the incorporation of 0.37 to 0.74 mg of glycine per g of 
protein. In a single experiment, with the use of valine-1-C" at 
a concentration of 11 yg, containing 3000 c.p.m. per ml, incor- 
poration under otherwise similar conditions amounted to 25 


TaBLe VI 
Inhibition of incorporation of glycine-C'4 by typhus rickettsiae 


Figures for uptake of glycine-C'* have the same significance as 
given in the text of Table II. 


Uptake of glycine-C" after incubation for 
Inhibitor 
2 hrs. 5 hrs. 
c.p.m. 
KCN, 0.0001 m............. 4 8 
Dinitrophenol 
0.000067 M................ 31 118 
KF, 0.004 m................ 0 3 
Chloramphenicol 
43 88 
9 18 
p-Aminobenzoic acid 
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c.p.m. per 100 ug of protein, equivalent to incorporation of 0.83 
mg of valine per g, a figure of the same order of magnitude as 
found with glycine. Even in the absence of any data on the 
amino acid composition of rickettsial proteins, one can estimate 
that some 100 times as much incorporation might be required 
for a 2-fold increase in rickettsial protein. 

The effect of a few metabolic inhibitors on the incorporation 
of glycine by rickettsiae is shown in Table VI. Nearly complete 
inhibition is brought about by relatively low concentrations of 
KCN, 2,4-dinitrophenol, fluoride, or chloramphenicol. p-Ami- 
nobenzoic acid, although the first rickettsiostatic agent found 
(8), is without effect in this system. The inhibition by chloram- 
phenicol is possibly one further indication in addition to that 
provided by the requirement for all of the amino acids, that the 
incorporation measured may represent protein synthesis (9). 

It should be noted that none of the alterations in basal medium 
reported in Tables II to IV, except for omission of the soluble 
yolk sac protein, glutamine, or GSH, affected the stability of 
the hemolytic activity or infectivity of the rickettsiae. Omission 
of these three substances, or of DPN, does decrease their stabil- 
ity over a period of 24 hours at 30°, the temperature of incuba- 
tion, and the apparent promotion of amino acid incorporation 
in such cases may be in part a consequence of the increased 
stability. This cannot be true of any of the other factors affect- 
ing amino acid uptake. The inhibitors used in the experiments 
reported in Table VI also had no effect on rickettsial stability 
in the short time intervals used in these particular experiments. 


DISCUSSION 


The results reported here and earlier (1) emphasize certain 
differences between typhus rickettsiae and nonparasitic cells 
with respect to the factors that determine their ability to in- 
corporate amino acids. First, the extreme sensitivity of the 
rickettsial system to the ionic environment, particularly the re- 
quirement for so high a concentration of potassium, is unusual. 
All of the naturally occurring amino acids are, of course, a pre- 
requisite for protein synthesis in any system, but the small 
amount of synthesis that would correspond to the incorporation 
that takes place in the rickettsial system generally can take place 
in whole unstarved cells without externally added amino acids. 
The nearly complete lack of endogenous free amino acids, which 
is implied by this requirement in the rickettsial system, is in 
keeping with their lack of measureable endogenous oxidative 
substrate (10). Also unusual is their need for several phos- 
phorylated compounds. No free vitamin, purine, pyrimidine, 
or even nucleoside has been found to have any effect on amino 
acid uptake by rickettsiae, but two whole coenzymes, DPN and 
CoA, are stimulatory (1), and the ribonucleotides significantly 
prolong the uptake. Thus many of the requirements for opti- 
mal amino acid incorporation by rickettsiae more resemble those 
shown by isolated cell particulates than those shown by undam- 
aged cells, a resemblance which may be a consequence of the fact 
that the rickettsiae, like the cell particulates, normally function 
inside a cell. 

In one respect the rickettsiae appear to differ somewhat from 
both cells and cell particles, namely, in their apparent require- 
ment for two sources of ATP. Maximal uptake is possible only 
in the presence of added ATP and in the absence of ADP as well 
as of ATP, the uptake is exceedingly low, although ATP is a 
normal constituent of rickettsiae when glutamate and phosphate 
are available, and can be formed by them from either ADP or 
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AMP (2, 10). On the other hand, despite the presence of this 
added ATP, the uptake is completely inhibited by cyanide and 
dinitrophenol, so that presumably ATP formed by oxidative 
phosphorylation by the rickettsiae is also essential. 

It is of interest that a similar situation has been observed in 
the case of another intracellular parasite. Trager (11) found that 
ATP must be present in the medium for optimal survival and 
development of the malaria parasites, although these organisms 
also contain and can form ATP (12, 13). There is in neither 
case any evidence as to the cause for the apparent requirement 
for both externally added and internally generated ATP. Pos- 
sibly of some bearing in this connection are a few reports suggest- 
ing that in other cells the occurrence of a reaction in one region 
is no guarantee that the product of that reaction will be freely 
available in another region of the same cell. Stadie and Shaw 
(14, 15) find that rat diaphragms contain two complete glycolytic 
systems, one located internally and unable to utilize externally 
added sugar phosphates, but able to synthesize glycogen, the 
other near the cell surface and capable of reacting with external 
sugar phosphates, but unable to synthesize glycogen. With iso- 
lated mitochondria external ATP appears to equilibrate fairly 
rapidly, although not instantaneously, with internal ATP (16), 
and, in contrast to the rickettsiae, mitochondria can incorporate 
amino acids with ATP generated either by their own oxidative 
phosphorylation or by an external system, the functioning of 
both systems being unnecessary (17). Experiments with whole 
cells, however, indicate that ATP formed in mitochondrial oxi- 
dations may not be freely available for use in the phosphoryla- 
tion of glucose (18). Nothing is known about the location of 
the respiratory system in rickettsiae, but if it is located inter- 


nally, it may well be that for certain reactions that occur at their 


surface, the rickettsiae must rely on externa] ATP, a substance 
which such intracellular parasites, in contrast to free living cells, 
would always find available in their normal habitat. 


SUMMARY 
Typhus rickettsiae can incorporate glycine-1-C'* maximally 


only in the presence of at least 0.13 m potassium ion. Reduction 
of the total solute concentration or substitution of even a frac- 
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tion of the K salts by Na salts or by sucrose greatly reduces the 
uptake. Mg*+ also is required and Mn** further stimulates the 
uptake. A mixture of all of the naturally occurring amino acids 
is necessary for maximal uptake of glycine and omission of any 
one of the three single amino acids tested reduces glycine uptake 
to a value almost as low as that found on omission of all. 

The incorporation of glycine is inhibited completely by KCN, 
dinitrophenol, and chloramphenicol. 

There is evidence that both externally added and internally 
generated adenosine 5’-triphosphate are required for incorpora- 
tion of amino acids by rickettsiae. 
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The relative simplicity of the iodinated thyronines has en- 
couraged the preparation of many analogues in attempts both 
to establish structural features essential to thyroxine-like ac- 
tivity and to provide compounds capable of stimulating or sup- 
pressing physiological responses in a selective manner (1). While 
considerable is known (2, 3) concerning the structural require- 
ments for general thyromimetic activity, it is significant that 
recent studies (4-6) have emphasized interest in structural fea- 
tures pertinent to individual thyromimetic properties such as 
elevation of basal metabolism, antithyrotropic effect, initiation 
of metamorphosis in amphibia, effect on cholesterol metabolism, 
etc. The definition of structural requirements for each physio- 
logical response induced by the thyroid hormones would pre- 
cede the rational development of their antagonists, a group of 
substances of considerable theoretical and practical importance 
(7,8). Many analogues have been tested and found effective as 
antagonists to exogenous thyroxine, particularly with regard to 
effects on oxygen consumption (9-17) and on tadpole metamor- 
phosis (18-20). To date, only 2’,6’-diiodothyronine has been 
reported (21, 22) to prevent the reversal by thyroxine of thioura- 
cil-induced hypertrephy of the thyroid gland in the rat, but to 
have slight (14) or no (22) antagonistic effect on elevation of oxy- 
gen consumption by thyroxine.! 

Although structural requirements for thyromimetic activity 
have been carefully studied in the past, the unusual stereochem- 
istry relating the pheny] rings of thyroxine has neither been noted 
nor exploited. These rings are so oriented that substituents in 
the 3- and 5-positions (Fig. la) of the alanine-bearing ring ap- 
proach closely those in the 2’- and 6’-positions of the phenolic 
ring as the rings rotate about the diphenyl ether bond. A per- 


* This work was supported in part by grant-in-aid funds from 
Smith, Kline and French Laboratories and from Research Funds 
of the University of California Academic Senate. 

t Paper II of this series is reference 24. 

t Present address, Department of Pathology, Mount Zion 
Hospital, San Francisco, California. From the dissertation sub- 
mitted in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy, University of California, September, 1958. 

1 At the New York Academy of Sciences Conference on Thy- 
roid Physiology, November 7, 1959, S. B. Barker and C. S. Pitt- 
man reported the partial inhibition by pDL-3,3’,5’-triiodothyro- 
nine of the reversal by thyroxine of the thiouracil-induced goiter. 
This compound has also been shown (16) to antagonize the thy- 
roxine-induced elevation of oxygen consumption in the thyroid- 
ectomized rat. 


pendicular orientation of the planes of the two pheny] rings of 
thyroxine (Fig. 1b) provides a minimal interaction between the 
bulky 3, 5-iodines and the 2’ ,6’-hydrogens. As a consequence of 
this preferred orientation, the 3’,5’-iodines are not spatially 
equivalent, one being distal and one being proximal to the ala- 
nine-bearing ring. 

To test the physiological significance of this orientation, a series 
of was _pre- 
pared (23, 24). The steric requirement of a bulky 2’-alkyl group 
(methyl or isopropyl) forces its orientation distal to the alanine- 
bearing ring and determines the relative spatial orientation of 
other substituents on the prime ring. A 3/-substituent, ortho to 
the orienting 2’-alkyl group, must occupy a position in space dis- 
tal to the phenylalanine ring; a 5/-substituent must be in the 
proximal position. A 4’-substituent is on the rotational axis of 
the ring and its stereochemistry will not be influenced by 2’-sub- 
stitution. 

Analogues of thyroxine such as 3,5-diiodo-3’ ,5’-dimethyl-t- 
thyronine (25, 26) and its thyropropionic acid analogue (27, 28) 
have demonstrated that methyl groups can replace the 3’,5’- 
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TABLE I 
Comparative antigoiter assay of thyroxine analogues 


5’ 5 
coou 
3’ 


NH: 


Compound administered substituents 
Bio-assay | Drinking water — jee yn Thyroid weight per 100 g 
3,5 3’ 4’ 5’ L-thyroxine 

me +s.d. 
1 Untreated _ 3 9.7 3.2 
Thiouracilf _ 6 20.4 3.0 
+ 6 8.6 1.9 
— NO, CH; H H CH; 100 6 19.5 4.0 
+ NO: CH; H H CH; 100 6 7.4 1.8 
_ I CH; H H CH; 100 6 20.5 1.9 
+ I CH; H H CH; 100 6 11.9 3.2 
_ I CH; H OH CH; 100 6 10.2 2.2 
+ I CH; H OH CH; 100 6 5.8 0.9 
2 Untreated -- 2 7.2 0.3 
Thiouracilf _ 6 19.8 2.2 
+ 6 11.7 1.2 
_ I CH; CH; OH H 100 6 5.6 0.7 
— I CH(CHs3)2 H OH H 100 6 7.1 1.3 
_ I CH(CHs): H OH CH; 100 6 6.1 0.4 
— I CH; H OH I 10 6 11.7 4.9 
+ I CH; CH; H H 200 5 6.6 1.6 
+ I CH; H H CH; 200 6 14.0 4.1 
3 Untreated _ 2 10.4 1.8 
Thiouracilf _ 4 23.1 4.6 
+ 4 8.8 0.9 
_ I CH; H OH H 100 6 14.0 4.3 
+ I CH; H H H 200 6 8.1 Fe 
+ I CH; H CH; H 200 6 11.8 4.0 
+ I CH(CHs3)>2 H H H 200 6 14.3 4.3 
+ I CH(CH:s)>» H H CH; 200 6 11.6 i 
— I CH; CH; H H 200 6 12.5 3.9 

4 Untreated — 1 8.2 
Thiouracilf _ 6 21.2 4.4 
+f 6 16.6 4.2 
+ 6 11.7 3.2 
- I CH(CHs3): H OH CH; 10 6 22.1 3.4 
— I CH(CHs3):2 H OH CH; 32 6 21.5 3.8 
—_ I CH; CH; Cl H 200 6 20.2 2.5 
“ft I CH; CH; Cl H 200 6 11.8 2.2 
+ I CH; H Cl CH; 200 6 9.3 3.8 


* Sodium L-thyroxine pentahydrate, 5 ug per rat per day. 
t Thiouracil, saturated aqueous solution for the drinking water. 
t Sodium L-thyroxine pentahydrate, 2 wg per rat per day. 


iodines of thyroxine without loss of thyroxine-like activity. For 
this reason the oriented alkyl thyronines of this series were 
screened for their thyroxine-like effects in the rat antigoiter assay 
and oxygen consumption test. Oriented alkyl groups, mimick- 
ing the effect of thyroxine iodine atoms located in the same posi- 
tions in space, should indicate the importance of this stereochem- 
ical consideration. Compounds of this series containing oriented 
alkyl groups but lacking the 4’-hydroxyl group were tested as 


antagonists by the antigoitrogenic assay to provide further ine 
formation on the structure-activity relationships of alkylphenoxy 
analogues which have been shown (13) to act as thyroxine antag- 
onists in the oxygen consumption assay. 


EXPERIMENTAL 


Rat Antigoiter Assay—The experimental procedure was based 
upon the work of Cortell (21). The compounds were suspended 
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TaBLeE II Ju 
Effect of 83, §-diiodo-4-(substituted phenozy)-p1i-phenylalanines on the oxygen consumption of intact rats 
5’ 5 
NH: — 
boon 
3 
Compound administered substituents No. of | Oxygen consumption 
3,5 2’ 3’ 4’ [body weight ™ 
mg mean 
Control* — 5 8.28 0.85 
L-Triiodothyronine 0.015 5 8.78 0.35 
0.030 5 8.51 0.73 
0.060 4 9.36 0.84 
0.120 5 9.92 0.70 
NO: CH; H H H 30.0 6 7.78 0.53 sei 
NO; CH; H H CH; 30.0 6 8.09 0.81 1 
I CH(CH:s): H H H 30.0 6 7.83 0.70 
I CH(CHs): H H CH; 30.0 5 8.13 0.31 
Control* — 5 8.18 0.21 = 
L-Triiodothyronine 0.015 5 8.84 0.55 mans 
0.030 5 9.49 0.85 
0.060 5 10.45 0.54 
0.120 5 10.47 0.53 noes 
I CH; H H 20.0 5 8.17 0.25 
I CH; CH; H H 20.0 6 8.92 0.89 Col 
I CH; H CH; H 20.0 6 7.82 0.49 LT 
I CH; H H CH; 20.0 6 8.24 0.32 L-7 
L-] 
Control* — 6 7.3 0.8 L-1 
L-Triiodothyronine 0.015 6 8.1 0.6 L-1 
0.030 6 8.4 0.6 
0.060 6 9.5 0.7 L-7 
0.120 6 10.3 0.4 
I CH; CH; H H 30.0 6 8.1 0.6 
Control* -— 6 7.7 0.9 
L-Triiodothyronine 0.015 6 9.0 1.1 sine 
0.030 6 9.6 0.8 ‘ 
0.060 6 9.6 0.5 nin 
0.120 6 10.4 1.0 
I CH; H H CH; 30.0 6 7.8 0.5 | 
Control* 6 7.98 0.55 
L-Triiodothyronine 0.045 6 10.31 | 0.78 poe 
I CH; CH; | Cl H 20.0 5 7.96 | 0.52 (12 
I CH; H Cl CH; | 20.0 6 7.98 | 0.45 
0g) 
Control* — 6 7.90 0.88 the 
L-Triiodothyronine 0.045 6 9.76 0.81 pel 
I CH; H OH H 20.0 6 8.70 0.40 sat 
I CH; CH; OH H 20.0 6 9.30 0.54 Fol 
I CH; H OH CH; 20.0 6 9.39 0.21 on 
I CH(CHs): H OH H 20.0 6 8.67 0.52 (so 
I CH(CHs): H OH CH; 20.0 6 9.16 0.37 
I CH; H OH I 20.0 6 8.57 | 0.42 da 
Control* 6 7.9 0.8 
L-Tfiiodothyronine 0.015 5 8.4 0.4 we 
0.030 5 9.0 0.3 are 
0.060 5 10.4 0.9 ] 
0.100 5 11.3 0.6 mil 
I CH; H OH I 20.0 6 8.5 0.1 (29 
* Three-day oxygen consumption test. lin 
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TABLE [I—Continued 


Compound administered substituents : 
‘per kg of 
3,5 2’ 3’ 4’ 5’ body weight 
meg mean 
Controlf a 7 7.0 0.6 
L-Triiodothyronine 0.007 7 8.0 1.0 
0.010 7 8.1 0.6 
0.015 7 9.2 1.3 
: 0.025 7 8.8 0.8 
I CH; CH; OH H 0.015 7 7.5 0.5 
I CH; CH; OH H 0.050 7 7.8 1.1 
I CH; CH; OH H 0.150 7 8.6 0.6 
I CH; CH; OH H 0.500 7 9.3 1.1 
I CH; CH; OH H 1.500 7 10.8 1.8 
t Ten-day oxygen consumption test. 
TABLE III TABLE IV 
Effect of 3,5-diiodo-4-(2'-isopropyl-5’-methylphenozy) - pL-phenyl- Relative activities of thyromimetic analogues 
alanine with L-thyroxine on the oxygen consumption of intact rats 5/ 5 
Daily dose | No. Onygen consumption COOH 
body weight rats liters/m?/hour) DL-4’ CH.— H 
mg mean | NH: 
Control 6 | 7.76 | 0.73 
L-Thyroxine 0.015 5 7.94 0.54 : 
L-Thyroxine 0.025 | 6 9.21 | 0.47 anidiod 
L-Thyroxine 0.035 | 6 8.85 | 0.98 
L-Thyroxine 0.050 5 9.69 0.65 prevention | consumption 
L-Thyroxine 0.075 6 10.14 1.41 
No. | 3,5 2’ 3° | 4 | |x-Thyroxine 
L-Thyroxine + compound* 0.035 6 8.95 0.64 
18.0 % % 
1 | NOs| CH; H |H |H 0 
L-Thyroxine + compound* 0.050 6 9.73 0.93 2 | NO:| CH; H |H | CH; 0 0 
25.0 3 I CH; H |H |H —* 0 
4 iI CH; CH; H | H <1.0 0.04 
* 3,5-Diiodo-4-(2’-isopropyl-5’-methylphenoxy) -pL-phenylala- 5 iI CH; H | CH;| H nis 0 
nine. 6 I CH; H H CH; 0 0 
7 | I CH(CH;): | H H H — 0 
in 10% m excess of 0.1 N NaOH, diluted to the desired volume 8 {I CH(CH;): |H |H |CH;i — 0 
with 50% aqueous polyethylene glycol (Carbowax 4000, Carbon 9 {I CH; H |OH|H | <1.0 0.05 
and Carbide Company), autoclaved for 20 minutes at 18 ps.i. 19 | I CH: CH, OH | H >1.0 on 
(122°) and stored at 4° between injections. 
Long-Evans strain male rats (Institute for Experimental Biol- 
(CH3)2 |H | OH| H >1.0 0.05 
ogy, University of California, Berkeley) weighing 125 + 25 g at 3 CH(CH;); | H | OH| CH; >1.04 0.08 
the beginning of the experiment were fed a standard laboratory 4/1 CH, H | OHII 10.0 0.09 
pellet (Rockland rat diet) and received the supernatant from a 15 |I CH; CH;| Cl | H 0 0 
saturated aqueous solution of thiouracil for their drinking water. 16 | I CH; H |aqQ{|cHs — 0 


Following 1 day on this diet, daily subcutaneous injections of the 
compounds (0.056 to 1.12 wmoles) or compound with thyroxine 
(sodium L-thyroxine pentahydrate, 5 ug, 0.0056 umole) in a vol- 
ume of 0.2 to 0.4 ml were carried out for 10 days. On the 11th 
day, the rats were sacrificed by chloroform inhalation, the thy- 
roid glands excised, cleaned under a dissecting microscope, and 
weighed to the nearest 0.1 mg. The results of these experiments 
are given in Table I. 

Rat Oxygen Consumption Assay—Oxygen consumption deter- 
minations were made according to the method of Holtkamp et al. 
(29). The compounds or an L-triiodothyronine standard in alka- 
line 0.9% sodium chloride were administered subcutaneously to 


* No enhancement of thyromimetic effect when administered 
concurrently with L-thyroxine at molar ratio compound to L-thy- 
roxine = 200:1. 

Tt No response at molar ratio compound to L-thyroxine = 32:1. 
Therefore less than 3% activity. 

t Ten-day oxygen consumption test. 


intact rats on 3 consecutive days and the oxygen uptake measured 
on the 4th day after a 24-hour fast. A graded dose-response 
evaluation was carried out on 3, 5-diiodo-2’ ,3’-dimethyl-pt-thy- 
ronine. The compound was administered to intact rats on 10 
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TABLE V 
Relative activities of thyrozine antagonists in the rat antigoiter assay 
5’ 5 
2. NH: 
H 
OOH 
3’ 2’ 3 
Substituents ratio to Reversal Confidence 
No.* | 3,5 2’ | | roxine | thyroxine} 
% % 
2 | NO. CH; H |H | CH; 100 0 — 
3 CH; H |H 200 0 — 
4 CH; CH; H | H 200 0 
5 iI CH; H | CH; H 200 21.0 75 
6 | I CH; H |H | 100 28.0 90 
200 28.4 73 
7 | I CH(CH;)2|H |H |H 200 38.5 90 
8t I CH(CH;)2 | H | H | 200 19.6 98 
15 | CH; Cl | H 200 0 
16 | I CH; H | Cl | 200 0 


* Refer to numbers in Table IV. 

t That thyroid weight is significantly increased for thiouracil 
plus thyroxine-treated rats when compound tested as antagonist 
is administered. 

t Inactive in a 10-day test for antagonism of the elevation of 
oxygen consumption in the intact rat by L-thyroxine (Table III). 


consecutive days and the oxygen consumption measured on the 
11th day after a 24-hour fast. The results of the oxygen uptake 
assays are given in Table II. 

3, 5-Diiodo-4-(2’-isopropy1-5’ -methylphenoxy) - DL- phenylala- 
nine was tested for antithyroxine activity as measured by oxygen 
consumption in the intact rat. Graded doses of L-thyroxine and 
L-thyroxine plus analogue were administered subcutaneously in 
alkaline 0.9% saline at separate sites for 10 days. Oxygen con- 
sumption was measured on the 11th day after a 24-hour fast. 
Results are given in Table III. 


RESULTS 


Relative Thyromimetic Activities by Goiter Prevention Assay— 
Antigoitrogenic activity (Table IV) was estimated from the data 
of Table I by comparing the effectiveness of a standard dose of 
thyroxine with the effectiveness of the test compound in reducing 
the weight of the thiouracil-induced goiter. If thyroid weight of 
the thiouracil-treated control was not significantly diminished 
when the test compound was administered, the compound was 
said to be inactive. If the compound caused a significant reduc- 
tion (p< 0.02) in thyroid weight from the thiouracil-treated con- 
trol, activity was estimated at three levels. It was said to be less 
than, the same as, or greater than (moles thyroxine/moles com- 
pound xX 100) per cent as active as L-thyroxine if the thyroid 
weight was significantly greater than, the same as, or less than 
that produced by the L-thyroxine standard, respectively. 

Relative Thyromimetic Activities by Oxygen Consumption As- 
say—Calorigenic activity (Table IV) relative to the L-triiodothy- 
ronine standards run in the same experiment was estimated from 
log dose against oxygen consumption plots derived from the data 
of Table II. A significant increase (p < 0.1) in oxygen consump- 
tion over the control level was taken to indicate a thyromimetic 
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response. Since most values for analogues were determined at 
single dose levels, the calculations of relative activities presented 
in Table IV represent approximations of the absolute values. 

The graded dose evaluation of 3,5-diiodo-2’ ,3’-dimethyl-pt- 
thyronine carried out over 10 days showed a calorigenic activity 
13% that of L-triiodothyronine, whereas the 3-day screening test 
using a single dose level showed an estimated calorigenic potency 
0.09 % that of L-triiodothyronine. Whether these differences re- 
flect a cumulative effect of the analogue or the inadequacy of a 
single dose screening procedure cannot be answered until graded 
dose studies have been carried out. 

Relative Activities of Thyroxine Antagonists—Compounds were 
said to be thyroxine antagonists if they caused a significant (see 
Table V) inhibition of the antigoitrogenic effect of concomitantly 
administered L-thyroxine. Per cent reversal] of the L-thyroxine 
antigoitrogenic effect was calculated as a measure of relative po- 
tency by the expression: 


% Reversal = c-—A 


X 100 


The letters refer to mean thyroid weights (mg per 100 g body 
weight) from Table I for rats treated with thiouracil (A), thioura- 
cil and sodium t-thyroxine pentahydrate (A’) and thiouracil, 
sodium L-thyroxine pentahydrate and compound (C). The Stu- 
dent’s ¢t test was applied to assess the significance of the difference 
between A’ and C. Results are compiled in Table V. 

3, 5-Diiodo-4-(2’-isopropy]-5’ - methylphenoxy) - pL- pheny]lala - 
nine, active as an antagonist in the antigoitrogenic assay, caused 
no inhibition of L-thyroxine elevation of oxygen consumption in 
the intact rat (Table ITI). 


DISCUSSION 


Thyromimetic Analogues—3 ,5-Dinitro-4-(alkylphenoxy) -DL- 
phenylalanines (Table IV, Nos. 1 and 2) exhibited no thyroxine- 
like activity. 3,5-Diiodo-4-(alkylphenoxy)-pL-phenylalanines 
(Table IV, Nos. 3 to 8) were lacking in thyromimetic activity 
with the notable exception of 3, 5-diiodo-4-(2’ ,3’-dimethylphen- 
oxy)-DL-phenylalanine (Table IV, No. 4), which exhibited a 
significant effect in both the goiter prevention (p < 0.01) and 
oxygen consumption (p < 0.1) assays. In addition to its thyro- 
mimetic effect alone, the 2’,3’-dimethyl analogue produced a 
significant enhancement (Table I, Bio-assay 2, p = 0.001) of the 
effect induced by concomitantly administered thyroxine. The 
activity of this analogue is especially surprising when it is noted 
that its 2’,4’-dimethyl and 2’,5’-dimethyl isomers (Tables IV 
and V, Nos. 5 and 6) are thyroxine antagonists in the rat anti- 
goiter assay. But for the fact that its 2’ ,5’-dimethy] isomer and 
related substituted analogues are antagonists, metabolic hydrox- 
ylation in the 4’-position could account for the thyromimetic 
response of the 2’,3’-dimethy] analogue. All 4’-hydroxylated 
analogues of this series show thyromimetic activity, but there is 
little reason to expect biotransformation of the 2’ ,3’-dimethy] 
compound, while the inactive 2’-methyl (Tables IV and V, No. 
3) and the antagonistic 2’ ,5’-dimethyl, 2’-isopropyl, and 2’-iso- 
propyl-5’-methyl (Tables IV and V, Nos. 6 to 8) analogues do 
not undergo this transformation. This represents the first report 
of a thyromimetic analogue free of substitution in the 4’-position 
with a hydroxyl group or groups such as methoxy or acetoxy 


readily converted thereto. This finding speaks against the hy- 


pothesis of Niemann (30, 31), supported recently by Lein (32), 
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postulating the involvement of the phenolic hydroxyl] in quinoid 
formation for thyromimetic response. 

In common with its analogues lacking the 4’-hydroxy] group, 
3,5-diiodo-2’ ,3’-dimethyl-pt-thyronine (Table IV, No. 10) was 
more active in the antigoiter assay than was its 2’,5’-dimethyl 
isomer (Table IV, No. 11) although no difference could be deter- 
mined in the 3-day oxygen consumption test in the rat. Since 
electronic effects in the prime ring should be virtually identical 
for these isomers, it seems that the spatial nonequivalence of the 
3’- and 5’-positions in these isomers best accounts for this consist- 
ent difference in biological response in the antigoiter assay. 
Other alkyl thyronines possessing the distally oriented and bulky 
2’-isopropyl group (Table IV, Nos. 12 and 13) show a relatively 
high thyromimetic response when compared with the less bulky 
but similarly oriented 2’-methy] analogue (Table 1V, No. 9). 
These results infer that the positioning of a sufficiently bulky 
group distal to the phenylalanine-bearing ring plays an important 
role in the thyromimetic response. 

The importance of the 3’-position may be further inferred from 
the relatively weak activity of 2’-methy]-3 , 5, 5’-triiodothyronine 
(Table IV, No. 14). Although this compound shows the highest 
antigoiter activity of any compound in this series, its calorigenic 
activity is very low, as are both values when compared with 
3,5,3’-triiodo-L-thyronine. The 5’-iodine is sterically fixed in 
the proximal relationship in this 2’-methyl analogue, while 
3,5,3/-triiodo-L-thyronine is free to position its 3’-iodine accord- 
ing to the requirements of the receptor with which it interacts. 

The lack of a specific requirement for the 4’-hydroxyl group 
for thyroxine-like activity encouraged the preparation of ana- 
logues of the present series wherein the isosteric chlorine atom was 
placed in the 4’-position. These compounds (Tables 1V and V, 
Nos. 15 and 16) were devoid of thyromimetic or thyroxine-an- 
tagonist activity. 

Thyroxine Antagonists—Four 3,5-diiodo-4-(alkylphenoxy)-pDL 
phenylalanines (Table V, Nos. 5 to 8) demonstrate the ability to 
partially inhibit thyroxine reversal of thiouracil-induced goiter. 
Partial inhibition is a property shared with the previously 
described antagonist, 2’ ,6’-diiodo-pL-thyronine (20, 21). One 
member of this series, 3,5-diiodo-4-2’-isopropyl-5’-methylphe- 
noxy)-DL-phenylalanine, was tested as an antagonist to the 
L-thyroxine-induced elevation of oxygen consumption in the in- 
tact rat (Table III). Ina test covering 10 days it was shown to 
be inactive, as was true of 2’ ,6’-diiodo-pL-thyronine when tested 
under similar conditions (21). 


SUMMARY 


Alkyl substituted analogues of thyroxine have been tested for 
their antigoitrogenic and calorigenic activities and for their an- 
tagonism to the antigoitrogenic response. The role of the 2’- 
alkyl group in fixing the stereochemistry of the diiododipheny] 
ether nucleus was noted. Differences in activity between 2’ ,3’-, 
2’,4’-, and 2’,5’-dialky] analogues were correlated with differ- 
ences in stereochemical orientation of substituents. Thyromi- 
metic activity for 3,5-diiodo-4-(2’,3’-dimethylphenoxy)-pL- 
phenylalanine was described. This demonstrated that the 
4’-hydroxy] group is not a requirement for thyromimetic activity. 

Four new antagonists to the antigoitrogenic effect of L-thy- 
roxine were described. 
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Following the experiments of Borsook and Keighley (1), and 
Schoenheimer (2), the validity of the dynamic equilibrium law 
has been admitted for at least a part of the cell proteins, and 
has been confirmed by experiments on muscle enzymes by Velick 
et al. (3-5). However Hogness et al. (6), on the basis of experi- 
ments made on microorganisms, questioned the existence of a 
molecular turnover of the proteins, but their experiments con- 
cern the synthesis of induced enzymes by growing cells, and 
their conclusions do not seem to apply to nongrowing cells (7, 8). 

It was shown in mammals that certain proteins do not take 
part in the dynamic equilibrium. Such is the case with hemo- 
globin, which remains stable during the life span of the erythro- 
cytes, as shown by Shemin and Rittenberg (9). Neuberger 
et al. (10) and Robertson (11) established that collagen remained 
nearly unchanged during the entire life of the rat, the slight 
incorporation of labeled glycine possibly being explained by 
continued growth of the animals. The direct demonstration 
of the molecular turnover of a protein, as defined by an exchange 
between incorporated and free amino acids without net synthe- 
sis of proteins, whatever the mechanism of the phenomenon, or 
complete hydrolysis and resynthesis, with either opening of 
some peptide bounds or exchange of amino acids, requires the 
demonstration of the following facts: (a) decrease of the radio- 
activity curve of the pure isolated protein, plotted against time, 
in weight and nitrogen balance in the animal. The decrease 
should be exponential, but secondary phenomena may alter 
the shape of the curve; (6) lack of secretion of the protein out- 
side the cell; (c) a sufficiently long life span of the cells contain- 
ing the protein, in order to avoid a decrease of radioactivity due 
to cell renewal. 

It seems that a direct demonstration of the turnover of a well 
defined protein has never been given. In our study we tried 
to make such a demonstration for muscle aldolase. 


EXPERIMENTAL 


Animals and Injection of Labeled Glycine—The injections were 
made in white rats of pure Wistar strain, of similar weight (200 
to 250 g), and fed a constant diet (it was ascertained that the 
weight did not vary during the duration of the experiment). 
Uniformly labeled C'*-glycine, 5 uc, corresponding to 100 ug of 
the amino acid, was injected intraperitoneally per 100 g of ani- 


* This work was supported by grants from la Caisse Nationale 
de Sécurité Sociale, France, |’ Institut National d’Hygiéne, France, 
the Muscular Dystrophy Associations of America, Inc., New York, 
and by research grant (No. RG 6016) from the United States 
Public Health Service, Division of General Medical Sciences. A 
preliminary note on these studies has been presented. 


mal weight. The animals were killed by bleeding at different 
intervals. Blood, muscles, and liver were taken. Two animals 
were used for each preparation. 

Preparation of Proteins—Muscle aldolase was crystallized 
three times according to the method of Warburg and Christian 
(12) modified by Taylor et al. (13). The purity of the final 
crystalline preparation was checked several times in free bound- 
aries electrophoresis at pH 7.50, which has always shown one 
symmetrical peak with a mobility of —1.91 x 10-5 cm per 
second, after a run of 22 hours. This preparation was free of 
any phosphorylase, phosphoglucomutase, phosphoglyceralde- 
hyde dehydrogenase, and a-glycerophosphate dehydrogenase 
activities. From 30 to 50 mg of crystalline aldolase were pre- 
pared from two rats in each experiment. Since the conclusions 
of the experiments described here are deduced from the decrease 
of the radioactivity of aldolase over a period of time, two kinds 
of error have to be disproved: (a) the presence as impurity of 
small amounts of plasma proteins with turnovers that are known 
to be rapid; and (6) the presence of radioactive glutathione 
bound to the protein (14), since the experiments have been car- 
ried out with radioactive glycine, and it has been established 
that glutathione has a rapid turnover. 

In two experiments aldolase was prepared from muscle of 
three rats perfused in toto with sodium chloride solution. The 
perfusion was performed by gravity, a needle being inserted in 
the left ventricle. After completion of the preparation, the 
protein was divided into two parts; one was precipitated and 
counted as such, the other was treated with thioethanol in a 
nitrogen atmosphere according to Velick et al. (4, 5) in order to 
remove any bound glutathione. The precipitation of aldolase 
occurred after removal of the thioethanol by dialysis. 

Water-soluble proteins of the muscle were prepared by ex- 
tracting muscles crushed with a Latapie’s apparatus by 4 vol- 
umes of water and, after filtration, by precipitation of the pro- 
teins with 1 volume of 20% trichloroacetic acid. 

Liver proteins were obtained by homogenizing the liver with 
3 volumes of 10% trichloroacetic acid in a Waring blendor and 
centrifuging. 

Plasma proteins were obtained by adding 1 volume of 20% 
trichloroacetic acid to the plasma with subsequent centrifuga- 
tion. 

In every case, the proteins were washed with trichloroacetic 
acid, twice with acetone and once with ether. All the proteins 
were crushed into fine powder in an agate mortar. 

Free Glycine of Muscle—The supernatant fluid of the aqueous 
extract of muscle, after trichloroacetic acid precipitation, was 
evaporated to dryness. Trichloroacetic acid was removed with 
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ether, the solution was treated by dinitrofluorobenzene, and 
dinitropheny] glycine was separated on a Celite column accord- 
ing to Perrone’s technique (15) modified by us (16). Purity 
was tested by paper chromatography and determination of the 
melting point. The dinitropheny] glycine was then dissolved in 
methanol. 

Determination of Radioactivity—Protein powders were spread 
in uniform and infinitely thick layers on copper planchets; 30 mg 
of aldolase were spread on 1.52 cm? planchets; 100 mg of the 
other proteins were spread on 2.85 cm? planchets. The results 
are given in counts per minute as directly measured in the 
Geiger-Miiller counter. The counts per minute varied between 
500 and 30. A total count of 2000 to 2500 was measured, which 
corresponds to an accuracy of +3%, except for the few measures 
involving very small radioactivities, for which there was an 
accuracy of +5%. The specific activity of the dinitropheny] 
glycine was expressed in counts per minute per mmole. The 
estimations were made at 360 mM, with a Beckman DU spectro- 
photometer, after dilution in 2% NaHCOs. Radioactivity was 
measured as an aliquot after evaporation of methanol on a 
2.85 cm? circular planchet to which a thin paper strip was 
fixed with silicone. Radioactivity measurements were made 
with a thin window Geiger-Miller counter as described pre- 
viously. Thickness corrections were made. 


TABLE [| 
Radioactivity of proteins and free glycine of muscle 
No. of days 
2 134 14,900 
3 178 
4 402 321 
5 113 ; 3,950 
9 97 
10 185 133 
ll 81 2,800 
12 2,630 
14 72 65 71 2,110 
15 78 
19 48 
21 80 1,215 
23 70 
24 79 56 37 820 
26 50 
28 60 25 25 860 
33 31 15 
35 48 
38. 20 13 390 
39 40 380 
40 50 
42 47 25 
45 43 
47 14 
49 36 
80 30 
88 9 


_* Radioactivity determined on 100 mg of protein powder uni- 
formly spread on circular plates of 2.85 cm’. 

t Specific activity expressed in c.p.m. per mm dinitrophenyl 
glycine. 
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80 days 
Fic. 1. Specific activity of rat muscle aldolase plotted against 


time. The radioactivities are expressed in c.p.m. of 30 mg of 
aldolase spread on 1.52 cm? planchets. 


RESULTS (TABLE [) 


Aldolase (Fig. 1)—-The decrease of the radioactivity is ex- 
ponential-like. The duration of half-life calculated on the first 
part of the curve is 20 days. 

In experiments involving perfusion of the rats and treatment 
by thioethanol (cf. ““Methods’’), the results were as shown in 
Table IT. 


TABLE II 
No. of days Without thioethanol | With thioethanol 
c.p.m. 
5 320 320 
19 175 195 


Other Muscle Proteins (Fig. 2)—The muscle water-soluble 
proteins display an exponential-like decrease of radioactivity. 
The half-life is only an average value, since we are dealing with | 
a mixture of proteins. The faster decrease may be due to the 
presence of plasma protein. The duration of half-life calculated 
from the first part of the curve is 7 days. 

Plasma Proteins (Fig. 2)—The duration of half-life is 7 days. 

Liver Proteins (Fig. 2)—The duration of half-life calculated 
from the first part of the curve is 6 days. The values obtained 
for liver and plasma proteins are in agreement with those of 
other authors (17, 18) 

Muscle Free Glycine (Fig. 3)—Radioactivity decreases accord- 
ing toanexponential curve. The semilogarithmic curve presents 
a change of the slope by the 5th day. The first part corresponds 
to a half-life of about 14 days, the second part to a half-life of 
10 days. Radioactivity can still be determined at the 35th 
day. The two-stage evolution and prolonged persistence of 
free radioactive glycine were found in other tissues (19), and 
may be explained by the fact that tissue-free amino acids may 
derive partly from the local degradation of cell protein. 
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o@——~ Muscle water soluble proteins 
— liver proteins 


© Plasma proteins 


S Radioactivity 


60 80 days 


: Fic. 2. Specific activity of different proteins plotted against 
time. The radioactivities are expressed in c.p.m. of 100 mg of 
protein spread on 2.85 cm? planchets. 


20 25 30 35 40days 


Fic. 3. Specific activity of free muscle glycine plotted against 
time. The results are expressed in c.p.m. per mM dinitropheny] 
glycine estimated spectrophotometrically. 
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DISCUSSION 


In order to demonstrate that the exponential decrease of aldol- 
ase radioactivity bears evidence of molecular turnover in pro- 
teins, it must be established that there is no secretion of aldolase 
outside of the muscle and that the life of the muscle cell is long. 

1. The role of secretions of aldolase must be discussed because 
there is some aldolase in plasma. The concentration of this 
enzyme in muscle is 3 Meyerhof units per g and in plasma 0.1 to 
0.2 unit per 100 ml. However, as muscle represents 40% and 
plasma 5% of the body weight, it can be calculated that there 
are about 12,000 times more aldolase in muscle than in plasma. 
If the half-life of muscle aldolase is 14 days, it could be calcu- 
lated that if this value was merely the result of secretion of 
muscle aldolase into the plasma, the half-life of plasma aldolase 
would be 1 to 2 minutes. Such a short duration of life would 
be unlikely. Also, it was found in this laboratory that there 
was no difference between the levels of arterial and venous fem- 
oral blood in the rabbit (20) and man (21), which would not be 
the case if there was a marked secretion of protein. 

2. A long life of the muscle cells is unquestionable on account 
of the lack of mitotic activity (22). It can be stated therefore 
that muscle aldolase is submitted to a phenomenon of molecular 
turnover, according to the law of dynamic equilibrium; there 
are exchanges between bound and free amino acids which may 
or may not involve complete hydrolysis and resynthesis of the 
protein molecule. 

It is difficult to determine with accuracy the half-life of al- 
dolase ; difficulties in calculating the half-life may come from the 
following considerations: 

(a) A prolonged persistency of free radioactive glycine in 
muscle and its reutilization will give values which are too high 
for the lifetime of proteins. Therefore the results will give only 
maximal values. 

(b) A possible metabolic heterogeneity of aldolase. We have 
previously shown that the labeling of myosin after injection of 
N!5 glycine varied according to the location of the latter pro- 
tein (23). If such is the case for aldolase, the radioactivity of 
the aldolase in the entire musculature might represent only 
average values. The same remarks are true for the other pro- 
teins which were investigated and which are known to be mix- 
tures of substances with different metabolic rates. 

(c) A contamination by plasma and muscle protein or by 
glutathione with a rapid turnover will give too low figures for 
half-life, at least for the first part of the curve. Nevertheless, 
the purity of the protein and the fact that aldolase prepared 
from perfused rats and treated by thioethanol presents the same 
rate of decrease of radioactivity as aldolase prepared previously 
allows us to discard these causes of error to a certain extent. 

(d) A cellular or subcellular heterogeneity. We have pre- 
viously shown! that the life span of the myofibrils in the rat is 
30 days. At the time of their destruction they probably re- 
lease radioactive glycine which can be reutilized. This would 
account for a less steep slope in the second part of the curve. 
For this reason it seems to us that the half-life should be calcu- 
lated from the first part of the curve. Nevertheless the value 

gives only an order of magnitude, because of the numerous 
causes of error. 


1J. C. Dreyfus, J. Kruh, and G. Schapira, Biochem. J., in 
press. 
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Velick (24) calculated by an indirect method that the half-life 
of aldolase in the rabbit is 50 days. He assumed that the free 
amino acid pool is identical in the liver and in the muscle. This 
identity was not shown in fact. In the first hour after intra- 
peritoneal injection of a radioactive amino acid the free amino 
acid pool is more labeled in liver than in muscle (25). A com- 
putation of the lifetime of a muscle protein based on the identity 
of the free pools is therefore likely to be too long, unless amino 
acid injected intravenously, as it was in Velick’s experiment, has 
a behavior different from that which is injected intraperitoneally. 
The situation is reversed later since we could show that after 
a week the specific activity of the free glycine is higher in the 
muscle than in the liver and remains so for several months (26). 


SUMMARY 


The finding of an exponential decrease of the radioactivity of 
rat muscle aldolase, labeled by injection of C™ glycine, provides 
the direct demonstration of an intracellular dynamic state of this 
protein. The possible role of secretion and cellular death was 
discussed. 
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Certain imidazoles (1-3) react with diphosphopyridine nucleo- 
tide in the presence of a soluble, purified preparation of beef 
spleen diphosphopyridine nucleotidase (4). In these irreversible 
displacement reactions, the imidazoles play a role analogous to 
that of water in the enzymic hydrolysis of the nicotinamide- 
ribose bond of coenzyme I (5, 6). For this reason the process 
was named imidazolysis (5). The mechanism of these reactions 
and their probable relation to reactions of diphosphopyridine 
nucleotide with pyridine derivatives (7) was discussed previously 
(6). 

Histamine (1.e., 4(2-aminoethy]l)-imidazole) was found to be 
very reactive in this respect. The reaction is pictured in Fig. 1. 
Preliminary reports on this subject appeared earlier (2, 8). In 
the present communication, more detailed information is given 
on the mechanism of this interaction and the chemical properties 
and structure of the product, namely the diphosphohistamine 
nucleotide.! A discussion of the probable significance of this and 
similar processes in the course of cellular metabolism is also 
presented. 


EXPERIMENTAL 


Material and Methods—Soluble, purified beef spleen DPNase 
was prepared by a modification of a method previously described 
(4). According to this modification, the middle phase obtained 
by centrifugation of the isoamyl alcohol treated beef spleen 
debris (step I of the procedure described in (4)) was re-extracted 
four additional times with 0.05 m Tris buffer, pH 7.5. The vol- 
ume of Tris used for each extraction was one-half the original 
volume of the suspension. Extraction was performed by stirring 
the middle phase with the buffer, in the cold, and subsequently 
recentrifuging. The pooled extracts were dialyzed in the usual 
manner (4). This change in technique increased about 2.5-fold 


* Papers I and II of this series correspond to references (16) 
and (6), respectively. This investigation was partly supported 
by Grant No. E-2436 from the National Institute of Allergy and 
Infectious Diseases, National Institutes of Health, United States 
Public Health Service; Grant No. G-7644 from the National Sci- 
ence Foundation, Washington, D. C.; and Grant No. P-241 from 
the American Cancer Society, Inc. 

1 Nomenclature used in this paper was suggested by the Editors 
of the Journal of Biological Chemistry: Diphosphohistamine nu- 
cleotide or histamine dinucleotide, the P'(5’)ribosylhistamine- 
P?2(5’)ribosyladenine pyrophosphate; diphosphoribose nucleotide 
or ribose-P-AMP, the P!(5’)ribose-P?(5’)ribosyladenine pyrophos- 
phate; ribosylhistamine phosphate, the (5’)ribosylhistamine phos- 
phate. The abbreviation DPNase is mammalian diphosphopyri- 
dine nucleotidase of the glycosidase type. 


the yield of soluble enzyme (i.e. 28% of the total activity of the 
washed beef spleen debris suspension). The solubilized enzyme 
was purified as described previously (4). The soluble purified 
preparation (specific activity 40 to 60) was freeze-dried. The 
dry powder (7.6 units per mg of weight) was very soluble, per- 
mitting concentrations of the order of over 1000 units per ml 
and, when stored in the cold over a desiccant, retained full activ- 
ity for more than 2 years. 

Crystalline alcohol dehydrogenase was purchased from the 
Sigma Chemical Company. Nucleotide pyrophosphatase was 
prepared by the procedure of Kornberg and Pricer (9) slightly 
modified. The specific activity of this preparation was 220 and 
its phosphatase content was less than 10%, when tested with 
DPN as a substrate. 5’-Nucleotidase from bull semen? was 
prepared according to Heppel and Hilmoe (10). Its contamina- 
tion by 3’-nucleotidase was about 0.2%. 

DPN, DPNH, deamino-DPN, diphosphoribose nucleotide 
(ribose-P-AMP), AMP, IMP, adenosine, and inosine were prod- 
ucts of the Pabst Laboratories. Adenosine 3’-phosphate was 
purchased from Schwarz Laboratories, Inc. 

Histamine (free base) dispensed in evacuated ampules, and 
histamine dihydrochloride were Fisher reagents. C1*-Labeled 
histamine dihydrochloride (4.75 curies per mole) was obtained 
from Nuclear-Chicago. 

Although histamine exhibited no absorption in the spectral 
region beyond 240 my (11), it nevertheless absorbed strongly at 
lower wave lengths. We found that it has a maximum in the 
vicinity of 210 mu (Figs. 6 and 7). Thus, it was possible to 
determine it quantitatively in the spectrophotometer. Technical 
difficulties connected with routine spectrophotometric readings at 
wave lengths below 220 mu prompted us to select the €e2 rather 
than the és (Figs. 6 and 7). Since histamine exerted no absorp- 
tion in the 260 my region, its quantitative estimation was also 
feasible when in mixtures with other compounds, like adenine, 
nicotinamide, or DPN, provided that the relative concentration 
of histamine in the mixtures was not very low and that the €22 
and €eg of the other constituents were known. 

For quantitative histamine determinations we also developed 
the following nonspecific colorimetric procedure, based on the 
Pauly diazoreaction (12, 13): The sample (1.0 ml in water) was 
treated in a separatory funnel with 3 ml of 5% sodium carbonate 
(anhydrous) and 1.0 ml of a diazotized p-bromoaniline reagent 


2 We wish to thank the American Breeders Service, 325 North 
Wells Street, Chicago 10, Illinois, and especially Messrs. M. N. 
Dietrick and G. E. Lewis, for generous supplies of bull semen. 
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(see below). Three minutes later, 5.0 ml of n-butanol were 
added. The contents of the separatory funnel were then re- 
peatedly mixed, within a 10-minute period, and, after separation 
of the two phases, the alcoholic layer was used for the color- 
imetric determination. The spectrum of the extracted azo-dye, 
taken against a similarly prepared blank with omitted histamine, 
showed 3 maxima, at about 270, 374, and 515 my (Fig. 8). In 
routine determinations we included a number of standards pre- 
pared from a histamine solution of known contents, and readings 
at 500 my were taken in the spectrophotometer. Although under 
our conditions there was very little change of the absorbancy at 
515 mp on standing for 1 hour (about 5% decrease), readings 
were taken immediately after separation of the two phases. The 
diazotized reagent mentioned above was prepared by slowly 
mixing the following at 0°: 1.5 ml of p-bromoaniline solution 
(1.0 g of p-bromoaniline, 10.0 ml of hydrochloric acid, density 
1.18, and water to 100 ml, stored in the cold in a dark bottle), 
7.5 ml of 5% sodium nitrite, and water to 50.0 ml. It was kept 
in ice and was used, 15 minutes after its preparation, for the rest 
of the same day. 

Spots of histamine on paper were located by coupling with 
diazotized sulfanilic acid (14) or, occasionally, by developing 
with a ninhydrin reagent (15). Isotopically labeled histamine 
(free or. bound) was detected by counting in a flow counter. 
Spots of purine and pyrimidine derivatives were made visible 
under ultraviolet light with a Mineralight SL 2537 lamp, whereas 
fluorescent spots were detected with a Mineralight SL 3660 lamp. 
Ascending paper chromatography was carried out as described 
previously (16). 

In paper ionographic experiments (2, 5, 16) all buffers em- 
ployed were at concentrations that showed specific resistance of 
about 200 ohms at 4°. Individual buffers were selected on the 
basis of known or expected pK’ values of the various ionizable 
groups of the compounds under study (Figs. 4 and 5). Paper 
strips (45.5 11 cm) were Whatman No. 1, previously washed 
with distilled and deionized water and dried. In studies with 
dinucleotides, potential gradients of 15 volts per cm were most 
commonly employed for a period of 5 hours. Applications most 
commonly used were 0.003 ml of 10 mm solutions, but whenever 
necessary, volumes up to 0.018 ml could be applied. 

Dowex 1-X10 (chloride form) columns were used as previously 
described (16). Dowex 50-X12 hydrogen form columns were 
prepared from thoroughly washed resin (17) by passing through 
the column 3 N HCI in sufficient quantities and then washing 
with water to a pH in the effluent of about 5.0 and an absorbancy 
below 0.015, both at 220 and 260 my. Despite certain flattening 
of the elution curves (18), in the majority of cases separations on 
columns were performed at 6°. 

Incubation Experiments—Small scale incubations designed to 
establish the optimal conditions for formation of the histamine 
adenine dinucleotide were performed in stoppered test tubes 
shaken during the incubation period at 38°. Preparative experi- 
ments were carried out in round-bottomed evaporating flasks at 
38° with magnetic stirring. The mixtures were buffered with 
acetate, phosphate, Tris, or pyrophosphate, according to the 
desired pH. However, at pH values not exceeding 8.7, histamine 
was employed as the buffer whenever present in large excess with 
respect to DPN. In those instances, histamine (free base) and 
its dihydrochloride were both employed in relative quantities 
calculated to give the desired initial pH. Calculations were 
based on the pK’ values of the histamine mono- and dihydro- 
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Fic. 1. Formation of diphosphohistamine nucleotide. Al- 
though for convenience the nitrogen of the imidazole nucleus close 
to the carbon bearing the side chain is represented as a participant 
in this reaction, participation of the other nitrogen of the imid- 
azole is at least as probable. The arrow in the imidazole ring 
represents a change in the position of the double bond and not the 
direction of the electron movement. 
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Fic. 2. Dependence of yield of diphosphohistamine nucleotide 
on concentration of histamine. The reaction mixture (0.505 ml) 
contained 0.25 ml of 0.1 m (with respect to pyrophosphate) sodium 
pyrophosphate-phosphoric acid buffer, pH 8.35; 5 umoles of DPN; 
11.5 units of DPNase; and histamine at quantities indicated in 
the abcissa. The ratio of histamine-free base to its dihydrochlo- 
ride was 1.08, in all cases. The pH of the mixtures at zero time 
was 8.20 and remained almost constant during the experimental 
period (4 hours, 38°). Appropriate controls (omission of DPN, 
DPNase, or histamine) accompanied the experimentals at all his- 
tamine concentrations. The reaction was stopped by addition of 
1 n HCl to pH 1.0 at O°C. Yields of diphosphohistamine nucleo- 
tide (HRPPRA) and of diphosphoribose nucleotide (RPPRA) were 
calculated on the basis of total DPN utilization (alcohol dehy- 
drogenase) from the apparent decrease of ribose initially detect- 
able by orcinol (see ‘‘Methods’’). 
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enzymically 


80- 
AZ 


imidazolysis” 
HRPPRA 


per cent 


7 


enzymic 


hydrolysis 
(RPPRA }o., i 


DPN split 
/ non enzymically 


6.0 7.0 8.0 9.0 

Fic. 3. Dependence of yield of diphosphohistamine nucleotide 
(HRPPRA) on pH. The reaction mixture (0.505 ml) contained 
0.25 ml of 0.1 m (with respect to pyrophosphate) sodium pyrophos- 
phate-phosphoric acid buffer, pH 8.35; pyrophosphate was added 
to simulate conditions of this experiment with those in Fig. 2. 
Other additions: 5 ymoles of DPN; 11.5 units of DPNase, and a 
total of 585 umoles of histamine. The ratio of histamine free base 
to its dihydrochloride varied, in each case, according to the de- 
sired final pH (see ‘‘Methods’’). To insure maintenance of the 
desired pH, the following buffers were used in conjunction with 
histamine: 200 umoles of NH, acetate (pH 5.0 to 6.1); 100 uwmoles 
of K phosphate (pH 6.1 to 7.5); and 200 umoles of Tris-HCl (pH 
7.5 to 9.9). All other conditions as in Fig. 2. The extent of en- 
zymic hydrolysis of DPN was estimated from the accompanying 
control (enzyme omitted). The difference: Total DPN consumed 
(alcohol dehydrogenase) minus nonenzymically cleaved DPN was 
taken as the DPN cleaved enzymically. The extent of imidazoly- 
sis was estimated from the apparent decrease of ribose initially 
detectable (see ‘“Methods’’) and was referred to the enzymically 
cleaved DPN. 


! 


chlorides (9.7 and 6.0, respectively (references in (19)). The pH 
values of histamine solutions showing initial pH 8.7 or below 
remained constant at room temperature for at least 4 days. In 
more alkaline media, histamine deteriorated rapidly and the pH 
dropped from its initial value. __ 

Usually incubation was continued until nearly all of the DPN 
originally present was consumed (alcohol dehydrogenase). The 
progress of formation of the histamine dinucleotide during incu- 
bation was followed by ribose determinations carried out by two 
alternative procedures (20, 21). Thus, at zero time, 2 moles of 
ribose, as determined by either of the two methods (20, 21) and 
2 moles of esterified phosphate (22, 23) corresponded to every 
mole of DPN. Later, the amount of p-ribose measured by 
orcinol (20) diminished and tended to reach one-half of its original 
value towards the end of the incubation. However, periodate 
consumption (21) remained constant during the incubation and 
it was the same as the number of bound phosphates (see Table 
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I). The apparent disappearance of ribose, as determined by the 
orcinol procedure (20) was because of the formation of the hista- 
mine-ribose bond, resistant to acid hydrolysis. This afforded g 
means to determine acid-stable ribose, corresponding to bound 
histamine, directly in the reaction mixture. 


RESULTS 


Factors Influencing Yield of Histamine Adenine Dinucleotide— 
The yield of the dinucleotide depended primarily on the concen- 
tration of histamine. Results from experiments in which the 
concentration of histamine varied are shown in Fig. 2. It should 
be noted that at concentrations of histamine as low as 30 mm 
the yield was about 10%. Assuming an apparent specific volume 
of histamine monohydrochloride of about 0.09 ml per 1000 
moles, about 1600 moles of water competed with 1 mole of 
histamine at this concentration. This approximate value of the 
apparent specific volume of histamine monohydrochloride was 
determined experimentally at 37°. Histamine monohydro- 
chloride is the form almost exclusively present at pH 8.2. The 
yield of diphosphohistamine nucleotide approached 100% at 
about 1 Mhistamine. At this level, 1 mole of histamine competed 
with about 40 moles of water. Up to this histamine concentra- 
tion, the utilization of DPN during the experimental period of 
4 hours was complete. At higher histamine concentrations a 
marked inhibitory effect developed (Fig. 2). Under these condi- 
tions a considerable part of DPN was still intact at the end of 
the experiment (alcohol dehydrogenase). In this range, how- 
ever, all DPN utilized was converted to histamine dinucleotide. 

The yield also depended on the pH of the mixture. Results 
from incubations carried out at various pH values are shown in 
Fig. 3. In these experiments the histamine concentration was 
kept somewhat below the “optimum” established previously 
(see also Fig. 2). In the pH range between 5 and 6 there was no 
product formation, whereas in this same range the hydrolytic 
activity was appreciable (Fig. 3). At pH 6.0 the yields of diphos- 
phohistamine nucleotide and of ribose-P-AMP were equal and 
at higher pH values the yield of the former increased at the 
expense of the yield of the hydrolytic product. Finally, after an 
initial plateau observed between pH 6.5 and pH 8.5, imidazolysis 
became even more prominent, whereas the enzymic hydrolysis 
was completely suppressed (Fig. 3). In this range, however, 
there was an appreciable nonenzymatic destruction of DPN in 
the accompanying control with omitted enzyme (see Fig. 3). 
These variations of yield with increasing pH were in agreement 
with expectations (see ‘‘Discussion’’). 

Preparative Experiments—The concentration of histamine and 
the pH were the “optimal” as determined above. The limiting 
factor for the amount of DPN originally added in this type of 
experiment was the expected nicotinamide concentration that 
would inhibit the progress of the reaction sequence (6). How- 
ever, increase of the enzyme concentration up to 600 units per 
ml and prolongation of the time of incubation up to 48 hours or 
more permitted the addition of DPN to 25 to 50 mm. 

Isolation of Diphosphohistamine Nucleotide and Analytical 
Data—At the end of the incubation period, the mixture was 
chilled in ice and 80% trichloroacetic acid was added to a final 
concentration of 20%. After centrifugation at 0° (15,000 x g 
for 15 minutes) the supernatant was passed through a 1 X 30 cm 
Dowex 50 hydrogen form column and followed by water. Pres- 
ent in the first few hundred ml of effluent were, among other 
unidentified compounds, AMP, ribose-P-AMP, and a dinucleo- 
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tide that contained altered histamine. This dinucleotide was 
identical with the dinucleotide II of a previous report (2). Later, 
jt was recognized as an artifact arising in varying quantities 
during the process of isolation from the main product. The 
compounds mentioned above could be separated by fractionation 
on a Dowex 1 chloride form column (2, 16). The main product 
of Reaction I, diphosphohistamine nucleotide was identical with 
the dinucleotide I of the preliminary report (2) and was held on 
the Dowex 50. The latter was further washed with water until 
the pH of the effluent rose to about pH 5.0 and its absorbancy 
at 259 my dropped to values below 0.050. The column was 
then subjected to a pH-gradient elution (27, 28). The acid 
reservoir (cylindrical, 10.5 cm in diameter) contained 2 n HCl, 
whereas the other cylindrical vessel (diameter 16.0 cm) was filled 
with water at zero time. Total volume (acid plus water) at 
zero time was 5 liters. Nicotinamide, which was also retained 
in the Dowex 50, was found in the fraction between 1400 and 
1650 ml (measured pH in the first few milliliters of this fraction 
was 0.58). Histamine dinucleotide was present in the fraction 
between 1700 and 2800 ml (measured pH in the first few milli- 
liters of this fraction was 0.48). The rest of the histamine, 
about 80% of the original amount, remained on the column and 
could be obtained by further application of the gradient. 
The fraction containing dinucleotide (approximately 0.4 n 
» with respect to HCl) was condensed by freeze-drying to about 
one-fourth of its original volume and 10 volumes of ethanol were 
added, in the cold, followed by 10 volumes of ether. The mixture 
was allowed to stand at —20° for 2 days. The white precipitate 
formed during this period was washed three times in the centri- 
fuge with a mixture of equal volumes of ethanol and ether at 0° 
and dried. It was then redissolved in the minimal amount of 
water, filtered, and reprecipitated as above. The purest samples 
were obtained after a third reprecipitation, but each step was 
accompanied by losses. A weighed sample from a preparation 
precipitated three times was used to obtain the analytical data 
listed in Table I. : 
Paper Ionographic Studies—Figs. 4 and 5 show the relative 
positions of spots of various nucleotides in ionopherograms, in- 
cluding spots of diphosphohistamine nucleotide (a twice precipi- 
tated sample; Fig. 4) and the ribosylhistamine phosphate which 
was obtained by the action of nucleotide pyrophosphatase (9) 
upon it (see enzymic studies, below; direct application oi the 
deproteinized incubation mixture on ionopherograms) (Fig. 5). 
Diphosphohistamine nucleotide moved as a single spot in all 
ionopherograms. Its movement in the electrical field, relative 
to the movement of other molecules of similar size and structure 
(e.g. DPN, DPNH, deamino-DPN, and ribose-P-AMP), was an 
approximate function of its net charge at a given pH (Fig. 4). 
Small differences in size and shape, as they occur among the 
above mentioned dinucleotides, were of minor importance in 
influencing their relative mobilities.* These observations per- 
mitted a good approximation (about +0.4 of a pK’ unit) of the 


3 This was true only among dinucleotides that at a given pH 
moved towards the same direction. Under these conditions, the 
per charge distance covered by diphosphoribose nucleotide in a 
given time interval was only 9% greater than the per charge dis- 
tance covered by DPN or DPNH, when all three dinucleotides 
were included in the same ionopherogram. Although such small 
differences in mobility among the various dinucleotides occur, the 
per charge movements of DPN, DPNH, deamino-DPN, and di- 
phosphohistamine nucleotide were assumed to be equal in these 
studies. 
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TABLE [| 
Analytical data from diphosphohistamine nucleotide 


Values per umole adenine? 
Calculated Found 
Periodate consump- 
Total phosphorus. ...| (22) (uatoms) 2.00 2.02 
Inorganic phosphorus.| (23) (uatoms) 0.00 0.00 
Total nitrogen....... (24) (uatoms) 8.00 7.49 
Chlorides*............ (25) (uatoms) 1.00 0.87 
Aliphatic amines......} Ninhydrin (15) (in | positive | positive 
chromatograms) 

Free histamine....... Ultraviolet, 220/ 0.00 0.00 
260 muy (see text) 
(umoles) 

Free histamine....... Colorimetrically 0.00 0.00 
(see text) 
(umoles) 

Free histamine....... Biologically? negative | negative 
(qualitative) 

Diphosphohistamine 

nucleotide. ........ By weight (ug) 740.50¢ 737.21 


¢ The numbers in parentheses indicate references in the bibliog- 
raphy. 

> A 3.546 mg per ml water solution was prepared from a diphos- 
phohistamine nucleotide lot precipitated three times from ethanol- 
ether and was used throughout in these analyses. The pH of this 
(unbuffered) solution was 3.55. It was 4.81 mM with respect ‘to 
adenine (e259 15,400 at pH 7.0). All other values were expressed 
as umoles, vatoms, or ug per umole of adenine. Agreement of 
the adenine values obtained from spectrophotometric readings 
at pH 7.0 and those obtained at pH 2.0 (4.90 mm) indicates that 
the sample was virtually free of contaminating nicotinamide 
(26) (see also footnote 4). The molar extinction coefficient ap- 
plied on readings from acid solutions was €257 14,700. 

¢ We wish to thank Dr. Norbert W. Tietz for these amperometric 
titrations. 

4 A dose of 1 umole of diphosphohistamine nucleotide injected 
intraperitoneally into guinea pigs (approximately 600 g) caused 
no appreciable ill effects, whereas the same amount of free hista- 
mine caused immediate death in control animals. 

¢ Calculated from the empirical formula C2oH29N s013P2Cl-3H2O 
(= 740.5), which was suggested from analytical data taken from 
a number of different lots. The water content of these samples, 
which had been dried over silica gel, was not determined directly, 
but calculated to be 3H.O per mole on the assumption that the 
compound as isolated is pure. 


pK’ values of the various ionizable groups in diphosphohistamine 
nucleotide (see structural formula in Fig. 1). The pH for a 
given determination was selected as close to the pK’ as possible. 
Another factor taken into consideration in the choice of the pH 
was that the histamine dinucleotide should move during the run 
in the same direction as the available controls (see footnote 3). 
Thus, the pK’ for the protonation of the imidazole nucleus in 
the diphosphohistamine nucleotide could be determined from 
ionopherogram No. IV, Fig. 4. The head to head distance be- 
tween DPN and DPNH in the direction of the movement, corre- 
sponding to a difference of one negative charge, was taken as the 
per charge distance traveled by a dinucleotide. The main addi- 
tional assumption was that the aliphatic amino group present in 
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(2) 
=> (4) 
pH 6.75 
— (6) (7) 3500 volt hours 
(I) 
I ~(4) Na-malonate 
om (5) pH 6.19 
— (6) 3500 volthours 
= -citr 
— (6) 3500 volt hours 
(1) 
—(9) : Na-citrate 
(5) 5.09 
(6) 3850 volthours 
(I) c > (2) 
emp (5) pH 4.25 
— (6) c/(7) 3500 volt hours 
Fic. 4 
I (7) Na-carbonate 
ums (5) pH 9.5 
(11) 2800 volt hours 
I (1/2) K-phosphate 
7.5 
quam (5) 2100 volt hours 
I (4) K-phosphate 
(6) (2) pH 7.2 
i= 2000 volthours 
110 
Vv (6) c/7) Na-acetate 
(3) (2) pH 4.5 
— (il) @ (5) 3850 volt hours 
( 
Vv (6) (7) Na-formate 
5 pH 3.4 
(Ii) 3850 volt hours 
Fic. 5 


Fias. 4 anp 5. Relative positions of diphosphohistamine nucle- 
otide and other compounds in paper ionopherograms. Fig. 4, at 
pH values from 4.25 to 6.75; Fig. 5, at pH values from pH 3.4 to 
pH 9.5. Conditions as described in text. The length of the bars 
corresponds, on scale, to the actual spot length, whereas the 
pointed end (if any) indicates the direction of movement. The 
position of spots is also pictured on scale along side the paper 
(total actual length of the paper strips was 44.5cm). Spots were 
applied along the dotted (middle) line. In ionopherograms II and 
III of Fig. 5 conditions (pH and volt hours) were chosen to accom- 
modate free bases (histamine) and ribonucleosides. The numbers 
in parentheses correspond to: (1) diphosphoribose nucleotide; (2) 
nicotinamide; ($) DPN; (4) adenosine; (6) diphosphohistamine 
nucleotide; (6) deamino-DPN; (7) inosine; (8) acetylhistamine 
dinucleotide; (9) DPNH; (10) AMP; (11) IMP: (12) histamine. 


the histamine dinucleotide had a pK’ of the order of 9.5 (see 
below) and was therefore fully protonated at pH 5.09 (No. IV, 
Fig. 4). It follows that the net charge of diphosphohistamine 
nucleotide would differ at this pH from the net charge of DPN 
only by virtue of the partially protonated imidazole nucleus. 
The pK’ value of this group (4.79) may be calculated from the 
head to head distance between the histamine dinucleotide and 
DPN, which in this instance was 33.5% of the DPN-DPNH 
distance. Working at pH values ranging from 5.1 to 6.2, we 
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obtained five similar figures with a mean pK’ of about 5.11 
(range 4.79 to 5.32). It was assumed that the pK’ value for the 
protonation of the amino-group attached to position 6 of the 
purine ring in diphosphohistamine nucleotide was the same as in 
DPN, DPNH, and ribose-P-AMP. The latter pK’ value was 
determined from the system: DPN; DPNH; deamino-DPN, in a 
manner similar to the above. For example, the value obtained 
at pH 4.25 (No. V, Fig. 4) was pK’ 4.03. Mean value was pK’ 
3.95* (10 determinations at pH 3.0 to pH 5.0, range 3.72 to 4.09). 
As anticipated (see above), the aliphatic amino group in diphos- 
phohistamine nucleotide had a pK’ of the order of 9.5 (No. I, 
Fig. 5). The two pyrophosphoric groups in the histamine di- 
nucleotide, as those in DPN, were completely ionized at all pH 
values above pH 3.0 (Fig. 5). 

Ionographic techniques were also used, in the present studies, 
as a fast, convenient screening procedure in the search of reac- 
tions of various imidazoles,® including histamine, with DPN. 
With selection of proper controls, the predictability of the proba- 
ble relative position of spots made this procedure far superior 
to paper chromatography for this type of compounds. 

Paper Chromatographic Studies—The dinucleotide moved as a 
single spot in all four systems mentioned in Table II. Its move- 
ment, in all instances, was typical of a dinucleotide (Table II), 
Ry values were the same, whether the spot was detected under 
the SL 2537 lamp, by the ninhydrin test, or by its radioactivity. 


Enzymic Studies 


Irreversibility of DPNase-catalyzed Reactions—For 1 hour, 
histamine dinucleotide (0.9 umole, twice precipitated) was incu- 
bated at 38° with 11 units of DPNase (4) in a volume of 0.15 ml. 
The system was buffered with 20 umoles of pyrophosphate at 
pH 8.4. This buffer was selected in order to suppress any 
nucleotide pyrophosphatase activity (9) that might be present 
as a contaminent in our DPNase preparation. At the end of the 
incubation 4 N HCl was added® (0.016 ml) to pH about 2.0. A 
sample of DPN (0.9 umole) treated in exactly the same manner 
served as a control. During this incubation most of the DPN 
(98%) was cleaved (alcohol dehydrogenase). In paper iono- 
graphic runs 0.025 ml of the diphosphohistamine nucleotide con- 
taining mixture showed a single spot; the movement of this spot 
coincided with that of authentic material at all pH values tested. 
Free histamine or ribose-P-AMP could not be detected in this 
mixture (No. II, Fig. 5). A sample (0.025 ml) of the DPN- 
containing control clearly separated in ionopherograms into spots 
corresponding to the spots of nicotinamide and of ribose-P-A MP. 
In some instances the faint spot corresponding to uncleaved 
DPN could also be detected (30). 

In another experiment, 3.4 wmoles of diphosphohistamine 
nucleotide were incubated in the presence of 75 umoles of nico- 
tinamide and 14.5 units of DPNase at 38° for 2 hours in a volume 
of 0.3 ml. The mixture was buffered with 300 uwmoles of K ace- 


‘ There is a close agreement of this figure and the one obtained 
by the same method for the pK’ of the oxy group of deamino- 
DPN (pK’ about 8.5) with values in the bibliography (references 
in (18), pp. 227 and 269) for the corresponding pK’ of these groups 
in AMP and IMP. Equally good agreement was obtained when 
determining the pK’ for the protonation of nicotinamide spectro- 
photometrically (changes of the e:; pK’ about 3.3) and iono- 
graphically in the presence of suitable controls (pK’ about 3.1). 

5’ L. LaMantia and S. G. A. Alivisatos, unpublished observa- 
tions. 

¢ Alternatively, the mixture was often deproteinized with tri- 
chloroacetic acid and after centrifugation the excess acid was 
removed by extraction with ether (29). 
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tate at pH 5.8. At this pH the DPNase was still active and the 
imidazole in the dinucleotide was partially (10 to 20%) proto- 
nated. These conditions might be regarded as favorable for an 
exchange between the imidazole moiety of diphosphohistamine 
nucleotide and nicotinamide. At the end of the incubation, 0.1 
ml of 4 N HCl and 0.1 ml of water were added in the cold and the 
mixture was centrifuged at +1° (18,000 x g for 15 minutes). 
An aliquot of the supernatant fluid was then transferred in a 
system containing alcohol dehydrogenase (16). In this system 
the final concentration of the dinucleotide was 0.68 mm. DPN 
could not be detected by this method. The above experiments 
led to the conclusions that the DPNase-catalyzed reaction of the 
formation of histamine dinucleotide is irreversible. 

Action of Nucleotide Pyrophosphatase upon Diphosphohistamine 
Nucleotide—Isotopically labeled histamine dinucleotide, 1.35 
ymoles, was incubated at 38° for 1 hour with 4.8 units of nucleo- 
tide pyrophosphatase (9) in a volume of 0.3 ml. The system 
was buffered at pH 8.4 with 5.25 umoles of Tris and it contained 
0.75 pmole of nicotinamide. The latter was added in order to 
suppress any DPNase activity that could be present in our pyro- 
phosphatase preparation, thus permitting utilization of the alco- 
hol dehydrogenase test at the end of the experiment in the control 
(see below). At the end of the incubation 4 Nn HCl (0.02 ml) 
was added (final pH about 2.0). DPN (1.35 umoles) treated in 
exactly the same manner, served as a control. During incuba- 
tion there was liberation of small amounts of inorganic phosphate 
(23) in both the experimental and the control, corresponding to 
about 10% of the total. This was attributed to a contamination 
of our preparation of nucleotide pyrophosphatase with phospha- 
tases (see ‘‘Methods’’). At the end of the incubation, 19% of 
the DPN added originally in the control was left intact (alcohol 
dehydrogenase). In ionographic studies (No. IV, Fig. 5), both 
mixtures (1.e. the experimental and its control) were principally 
separated into three spots each: one corresponded to either di- 
phosphohistamine nucleotide or DPN; another was identical to 
AMP in both samples; the third spot in the experimental was 
due to ribosylhistamine phosphate and in the control it corre- 


sponded to NMN. The movements of these two compounds in 
the electrical field at various pH values fully agreed with pre- 
TABLE II 
Rr values from paper chromatograms (at about 25°) 
System? 
Compound? 
A B C D 

1. HRPPRA 0.44 0.76 0.14 0.20 
2. RPPRA 0.63 0.80 0.53 0.30 
3. DPN 0.48 0.74 0.21 0.21 
4. deamino-DPN 0.45 0.84 0.14 0.20 
5. DPNH 0.71 0.16 

6. AMP 0.65 0.70 0.57 0.34 
7. Adenosine 0.66 0.53 0.45 0.64 
8. Adenine 0.62 0.41 0.37 0.70 
9. Nicotinamide 0.80 0.70 0.53 0.82 
10. Histamine 0.81 0.87 0.38 0.64 


¢ HRPPRA is diphosphohistamine nucleotide and RPPRA is 
diphosphoribose nucleotide. 

6A = 0.1 m acetic acid-ethanol; B = isoamy] alcohol-K:HPO,; 
C = isopropanol-2 n HCl (References for the above systems in 
(16)). 


ume). 


D = 60% n-propanol-40% 0.2 macetic acid (volume for vol- 
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Wave Length, mu Wave Length, mu 
Figs. 6 AND 7. Ultraviolet absorption spectra of diphosphohis- 
tamine nucleotide (HRPPRA) and of its components at pH 2.0 
(Fig. 6) and at pH 7.0 (Fig. 7). 


dictions. The ribosylhistamine phosphate spot (radioactive) 
was ninhydrin positive. 

Combined Action of Nucleotide Pyrophosphatase and of 5'- 
Nucleotidase upon Diphosphohistamine N ucleotide—Isotopically 
labeled histamine/ dinucleotide (1.35 umoles) was incubated at 
38° for 1 hour with 4.8 units of nucleotide pyrophosphatase (9), 
42 units of 5’-nucleotidase (10), 3 umoles of MgCle, 1 umole of 
nicotinamide, and 7.0 umoles of Tris, pH 8.4, in a total volume 
of 0.4 ml. DPN (1.35 umoles), treated in exactly the same 
manner, served as a control. At the end of the incubation 0.02 
ml of 4 N HCl was added to each sample (final pH about 2.0). 
During incubation there was liberation of inorganic phosphate 
(23) corresponding to 72 and 78% of the total phosphate origi- 
nally present in the experimental and the control, respectively. 
At the end of the incubation 7.5% of the DPN added originally 
in the control was left intact (alcohol dehydrogenase). In 
ionographic studies either ribosylhistamine or nicotinamide ribo- 
nucleoside, together with adenosine, were the most prominent 
constituents detected in the experimental and in the control, re- 
spectively. The movement of all three compounds in the elec- 
trical field at various pH values fully agreed with predictions. 
The ribosylhistamine spot (radioactive) was ninhydrin positive 
(No. III, Fig. 5). Nicotinamide riboside was detected by its 
fluorescence under the SL 3660 lamp, after spraying the paper 
with cyanide (30). 

Ultraviolet Absorption Spectra—The absorption spectra of di- 
phosphohistamine nucleotide (twice precipitated sample), of 
histamine, and of AMP at pH 2.0 and at pH 7.0 are given in 
Figs. 6 and 7. It is noteworthy that the curves obtained by 
adding the absorbance at each wave length of free histamine and 
of AMP at the corresponding pH values are almost identical 
with the curves of authentic material. 

Behavior of Diphosphohistamine Nucleotide in Pauli Test—As 
mentioned elsewhere (2), diphosphohistamine nucleotide reacts 
weakly with diazotized reagents. In previous experiments (2) 
we studied the absorption spectrum of the yellow color developed 
during reaction with diazotized sulfanilic acid. Recently we 
used diazotized p-bromoaniline in the same colorimetric proced- 
ure that we developed for the quantitative determination of 
histamine (see ‘‘Methods’”’). It was found that the yellow sub- 
stance produced during this reaction could be extracted with 
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“DPN, 4.05:10'Smoles 
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400 450 500 550 
Wove Length, my 

Fic. 8. Absorption spectra of butanol-extracted azo-dyes pro- 
duced by reaction of diazotized p-bromoaniline with histamine, 
diphosphohistamine nucleotide (HRPPRA), and DPN. The 
quantities indicated in the figure were present in the 5 ml of the 
test (see ‘‘Methods’’). 


350 


n-butanol. A faint yellow coloration produced during the reac- 
tion of equimolecular quantities of DPN (0.5 umole) with diazo- 
tized p-bromoaniline was not extractable under our conditions 
(see “‘Methods’’). Ten times greater amounts of DPN (5 
moles) yielded intense yellow color, but extraction of the colored 


material in butanol was rather incomplete. Absorption spectra 


of the extracted azo-materials produced by the reaction of free 
histamine, of diphosphohistamine nucleotide and of DPN are 
shown in Fig. 8. It is noteworthy that the absorption spectrum 
of the colored material extracted from the mixture containing 
diphosphohistamine nucleotide showed only one well defined 
maximum, at about 374 my. Determination of phosphates (22) 
showed that 95 to 98% of the total phosphates present in the 
dinucleotide remained in the watery phase after extraction with 
butanol. Obviously, only a fraction of the histamine dinucleo- 
tide molecule participated in the azo-dye formation. The differ- 
ence in the absorption spectra tended to exclude free intact hista- 
mine as the participant in this reaction. The possibility that 
the reacting substance could be ribosylhistamine is under investi- 
gation.’ 


DISCUSSION 


The reaction of histamine with DPN is another case of imida- 
zolytic processes. The probable mechanism of such processes 
was recently discussed (6). The capability of histamine to com- 
pete successfully with water as a nucleophilic agent in this system 
in vitro was remarkable (see “Results’”). However, at low pH 
values (pH 5.5 and below) the imidazolytic process was com- 
pletely suppressed, whereas the rate of hydrolysis was consider- 
ably lower, but still appreciable (Fig. 3). These pH values were 
expected to be lower than the pK’ values for the protonation of 


7 This view is further supported by the similarity of the absorp- 
tion spectrum of a butanol-extracted azo-dye prepared by reaction 
of (enzymically or chemically prepared) N-(ring)-methylhista- 
mine with diazotized p-bromoaniline (A. Abdel-Latif and S. G. A. 
Alivisatos, unpublished observations). 
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the amidine both in free histamine and in the histidine groups 
of DPNase which were recently implicated as participants in its 
catalytic activities (6). Our present observations would then be 
in harmony with the view (6) that the cationic form of the imida- 
zole was not a participant in the reactions involved in the forma- 
tion of diphosphohistamine nucleotide. Thus, both reaction- 
steps leading to the histamine dinucleotide, the initial exchange 
and the subsequent imidazolysis (6), would involve imidazoles, 
On the other hand, of the two steps leading to ribose-P-AMP, 
only the first would be dependent on an imidazole, the postu- 
lated active center(s) of the enzyme (6). If both exchange and 
imidazolysis depended on the presence of the neutral form of the 
imidazoles involved (6, 31, 32), it would be expected that at 
hydrogen ion concentrations capable to protonate 70% or more 
of these imidazoles the hydrolytic process would predominate. 
The steep increase of imidazolysis at the expense of the enzymic 
hydrolysis at high pH values (see “Results’’) would be in good 
agreement with the view (6, 31) that not only the neutral but 
also the anionic form of the imidazoles could participate in the 
reaction sequence. 

It is difficult to offer an explanation of the inhibitory effect of 
very high concentrations of histamine upon the rate of break- 
down of DPN (Fig. 2). It should be emphasized that in this 
range only the imidazolytic (and no hydrolytic) product was 
formed. In their studies of the imidazole catalysis of hydrolysis 
of N-acetylimidazole, Jencks et al. (33) postulated a removal of a 
proton by imidazole from the attacking reagent in the transition 
state. A plausible interpretation of our results would require a 
basically similar but slightly different type of mechanism (nega- 
tive catalysis). Thus, at very high concentrations, histamine 
might interact with the imidazole moiety of the enzyme already 
engaged in the intermediate (enzyme*-ribose-P-AMP) (6). 
During this interaction, a proton could be transferred from the 
imidazole moiety of the enzyme to that of histamine’ This 
proton removal could obviously cause a considerable stabiliza- 
tion of the intermediate (enzyme-ribose-P-AMP) and at very 
high histamine concentrations it could become rate limiting. An 
additional delay might possibly come from the (unreactive in 
this system) cationic form of histamine, which would be generated 
in the vicinity of the reactive groups of the enzyme during the 
above mentioned proton-transfer interaction. Alternatively, 
this inhibitory effect could be due to the nonenzymatic interac- 
tion of imidazoles with DPN, observed at high concentration of 
the reactants (34). 

In Fig. 1, the ribosylhistamine moiety of diphosphohistamine 

8 We wish to thank Drs. M. L. Bender and I. M. Klotz for help- 
ful criticism of the manuscript and especially of this topic. Ob- 
viously, in dilute water solutions no direct transfer of protons 
from one imidazole (7.e. the (enzyme*-ribose-P-AMP) intermedi- 
ate) to another (i.e. histamine) could occur, since the degree of 
protonation of histamine, at least, would predominantly be a 
function of the prevailing pH. (It is difficult to predict the mode 
of dependence of the protonation of the transient (enzyme- ribose- 
P-AMP) on the pH). The above would explain the absence of 
inhibition at low histamine concentrations. However, at concen- 
trations of histamine (2 mM and up) at which this inhibitory phe- 
nomenon was observed, the relative number of water molecules 
was limited. Other constituents present in the mixture (pyro- 
phosphate, enzyme, DPN) also contributed to this limitation. 
Under these conditions, interactions of the sort mentioned in the 
text, affecting the equilibrium constants of the protonation of the 
constituents (including OH) are to be expected. A competitive 


mechanism of inhibition could hardly be considered in this case 
in view of the probable mechanism of the enzymic reaction (6). 
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nucleotide is represented as 1-ribosyl-5-(2-aminoethy]l)-imida- 
zole. However, it is not yet established which of the two nitro- 
gens of the amidine part of the imidazole actually participates in 
the histamine-ribose bond (see, also (35)). 

The high stability to acid hydrolysis of the histamine-ribose 
bond is not unique. It is a common characteristic of many 
ribosylated imidazoles (2.e. the imidazole acetic acid ribonucleo- 
side (36), the benzimidazole ribonucleoside (37), and so forth). 
The factors influencing this stability have recently been discussed 
(49). This property proved very useful in the present studies, 
since it served as a convenient means of following the rate of the 
reaction and the yield of diphosphohistamine nucleotide. 

The pK’ for the protonation of the imidazole nucleus in di- 
phosphohistamine nucleotide was smaller (about 5.0) than the 
pK’ for the protonation of the neutral form of imidazole in hista- 
mine (about 6.0). The corresponding pK’ in the acetyl hista- 
mine dinucleotide is higher (about 6.5) (see Fig. 4 and footnote 
5). The reasons for these differences and their probable signifi- 
cance with respect to the reversibility of the various imidazolytic 
processes are now under study in this laboratory. 

Reaction 1 was discovered in vitro (2). However, there is 
enough evidence, scattered in the bibliography, supporting the 
view that it may also occur in vivo. Thus, 1-ribosyl-4-acetic 
acid-imidazole was isolated from the urine of rats after adminis- 
tration of histamine (38). It was also found that isoniazid and 
aminoguanidine prevented the formation of this catabolic product 
of histamine in vivo (39). Both isoniazid (40) and aminoguani- 
dine (41) are known inhibitors in vitro of diamine oxidase and 
their effectiveness in vivo in this respect was also demonstrated 
(42). However, in view of the known effectiveness of isoniazid 
as an exchanger in the DPN-DPNase system (43), this substance 
is also expected to inhibit strongly the formation of diphospho- 
histamine nucleotide (6). Recently Schayer (44) postulated 
that N-methylation of histamine precedes oxidative deamination 
to the final excretion product, namely N-methylimidazole acetic 
acid. Considering that N-(ring)-methylation of histamine and 
the histamine-DPN reaction are very similar in their respective 
mechanisms (see below), it is not unreasonable to postulate a 
similar sequence in the formation of imidazole acetic acid ribo- 
nucleoside. If this were the case, the above mentioned effect of 
isoniazid could also be due to an inhibition of Reaction 1. 
Against this hypothesis are the observations of Tabor et al. (36). 
These investigators demonstrated that imidazole acetic acid 
ribonucleoside may be formed after administration of imidazole 
acetic acid. However, the amounts administered to the animals 
in these preparative experiments were very large. In this con- 
nection, it should be emphasized that upon administration of 
very large doses of histamine there is also formation of the ab- 
normal isomer of methylhistamine, (1-methy]-5-(2-aminoethy])- 
imidazole) (45) which fails to appear if small quantities of hista- 
mine are administered. 

Alternative routes for the formation of ribosylhistamine similar 
to those observed with 5-amino-4-carboxamido-imidazole (ref- 
erences in (5)) have also been considered in our laboratory, but 
our present evidence is rather incomplete and it does not permit 
any definitive conclusions on this subject. 

The other major product of histamine catabolism, N-(ring)- 
methylimidazole acetic acid (references in (44)) may also be 
regarded as an imidazolytic (or, more properly, histaminclytic) 
product of S-adenosylmethionine. In this instance, the nucleo- 
philic agent (histamine (6)) would act upon the electrophilic 
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center represented by the methyl carbon atom in S-adenosy]- 
methionine. The significance of the presence of the sulfonium 
structure in this molecule would be the same as in the case of 
the onium structure of DPN (6, 46) (see footnote 7). A pre- 
liminary report, confirming the enzymic formation of N-(ring)- 
methylhistamine by reaction of histamine with S-adenosylme- 
thionine was recently published by Brown et al. (47). 

The possibility that the DPNase catalyzed histamine-DPN 
reaction (and, probably, the analogous histamine-TPN reaction) 
are involved in the mechanism of the anaphylactic shock and 
similar biological reactions is briefly discussed elsewhere (48). 


SUMMARY 


Histamine reacts with diphosphopyridine nucleotide in the 
presence of a soluble, purified beef spleen diphosphopyridine 
nucleotidase. The purified product of this reaction is the pyro- 
phosphate of ribosylhistamine 5’-phosphate and adenosine 5/- 
phosphate, a displacement product of diphosphopyridine nucleo- 
tide in which the nicotinamide moiety is irreversibly replaced by 
histamine. 
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A unique system for the study of biochemical events under- 
lying cellular differentiation is the tadpole during its metamor- 
phosis from an aquatic to a terrestrial animal. The loss of tail 
tissue accompanied by structural changes in other areas of the 
animal provides a special opportunity for assessing the role of 
the nucleic acids in the differentiation process. The impressive 
increase in activity of many enzymes (1-4) and of the protein- 
synthesizing systems in the liver (5) and the corresponding 
changes of enzymic activity in the tail (2, 6) indicate the metab- 
olism of these two structures is altered during anuran metamor- 
phosis. In view of this, a study of the metabolic activity of 
liver and tail nucleic acids, as measured by the incorporation of 
P*-orthophosphate, was undertaken in an attempt to correlate 
morphological and enzymic changes with nucleic acid metabolism 
during the induced metamorphic sequence. In addition, for 
comparative purposes, the P® incorporation into the acid-soluble 
fraction, phospholipids, and phosphoproteins was measured. 


EXPERIMENTAL 


Materials and Methods 


Tadpoles and Induced Metamorphosis—Rana grylio tadpoles, 
at approximately the same stage of metamorphosis and weighing 
10 to 15 g each, were selected and randomly divided into eight 
groups, each containing 22 animals. The individual animals in 
five groups received an intraperitoneal injection of 1 x 10-* 
moles per g of body weight of 3,5,3’-triiodo-L-thyronine to 
induce metamorphosis, followed 1 to 2 hours later by injection of 
100 we of carrier-free P* as orthophosphate. The animals in 
the remaining three groups served as controls and received only 
an equivalent amount of P®. All groups were maintained in an 
air-conditioned room at 24 + 1° and at various times after injec- 
tion, tadpoles from the control and triiodothyronine-treated! 
groups were killed; the livers and tails were removed, pooled, 
weighed, and treated as indicated in the next section. The tad- 
poles were maintained in 2 to 3 liters of 0.010 m NaCl in ion-free 
water which was changed daily. This accounts for the fall in the 
specific activity of several phosphate containing fractions. 


* This work was aided by a grant from the United States Public 
Health Service (C-3006) and represents the experience of two 
laboratories. For previous papers on amphibian metamorphosis 
see (2,3,5) and for previous publications on amphibian nucleic 
acids, see (15). More general information on the biological events 
involved is contained in (17-19). 

t Permanent address, Isotope and Metabolism Research Lab- 
oratory, Department of Physiology, Southern Illinois University, 
Carbondale, Illinois. 

1 Triiodothyronine refers to 3,5,3’-triiodo-L-thyronine. C- 
liver, livers of control animals; T-liver, livers of triiodothyro- 
nine-treated animals. 


Preparation of Fractions and Isolation of Nucleic Acids—The 
pooled samples of livers and tails were homogenized in cold, 1 
mM perchloric acid, centrifuged in the cold, and the acid-soluble 
fraction was decanted off and saved. The precipitate was 
washed twice with cold, 0.4 m perchloric acid. Aliquots of the 
acid-soluble fraction, after neutralization, were taken for counts, 
and for total (7) and inorganic phosphorus (8) analyses. The 
precipitate was neutralized with 1 M ammonium acetate and the 
lipids extracted with ethanol-ether (3:1) at 45-50°. Samples of 
the pooled lipid fractions were analyzed for radioactivity and 
phosphorus. 

The nucleic acids were isolated by extraction with 2 m NaCl 
at 95° (9). After dialysis, aliquots of the total nucleic acid 
fraction of the liver were taken for counts and absorption meas- 
urements at 10 my increments from 220 to 290 my in a model 
DU Beckman spectrophotometer. The total nucleic acid frac- 
tion of the tail was further purified by extraction with chloro- 
form-octanol (5:1) to remove contaminating protein (10), pre- 
cipitated with ethanol, and dialyzed again. Aliquots were then 
taken for radioactivity measurement and for phosphorus analysis. 

The RNA was separated from the DNA by alkaline hydrolysis 
at 37° for 15 to 18 hours followed by acidification and centrif- 
ugation. Aliquots of the supernatant fluid, containing the RNA 
mononucleotides, and of the dissolved DNA precipitate, were 
taken for counts, spectrophotometric, and phosphorus analyses. 
The residue remaining after 2.0 m sodium chloride extraction, 
representing the protein fraction, was dissolved in 1 m NaOH 
and was counted and analyzed for phosphorus. It is possible 
that this fraction may be contaminated with residual nucleic 
acid phosphorus. 

The mononucleotides of RNA were separated by column chro- 
matography with the chloride elution system (11). The RNA 
mononucleotide fractions were evaporated to a convenient vol- 
ume, the absorption at 250, 260, 280, and 290 my was measured, 
and an aliquot from each column fraction was counted. The 
phosphorus content of each fraction was calculated from the 
optical density reading at 260 my, the appropriate extinction 
coefficients being used (12). 

All counts were made on dried samples with the use of a thin 
mica window Geiger tube and were corrected for decay. 


RESULTS 


Specific Actwity of Liver Fractions—The specific activities of 
the liver acid-soluble and lipid fractions in both the control (C- 
liver)! and triiodothyronine-treated (T-liver) animals show no ap- 
parent differences with respect to extent of incorporation or 
time. Fig. 1A indicates the specific activity of both acid-soluble 
fractions decreases with time to approximately the same extent 
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Fic. 1A anv 1B. Specific activity of acid-soluble, lipid, and 
total nucleic acid fractions at various times after P®* injection. 
Groups of about 20 animals received single injections of 1 K 10-8 
moles per g of body weight of 3,3,5’-triiodo-L-thyronine at 0 days 
to induce metamorphosis and approximately 1 hour later they 
were administered 100 uc of carrier-free P®? as orthophosphate. 
Comparable control groups received only P#?. Open symbols 
(C), control group; closed symbols (T), hormone group. 


DAYS 


from the first to the fifth day after injection. The phospholipid 
activity in both C- and T-livers is maintained at about the same 
level during the entire experimental period. 

A notable difference in the C- and T-livers appears in the 


specific activities of the total nucleic acid fractions, however. - 


Fig. 1A shows that beyond 2 days after injection the specific 
activities differ markedly and, at the fourth day, the activity of 
the T-liver nucleic acids is about 2} times that of the C-liver 
nucleic acids. 

Upon isolation of the RNA’s and DNA’s, it became apparent 
that the increase in specific activity of the T-liver total nucleic 
acid over the control values is accounted for primarily by the 
increase in activity of the RNA. Fig. 2 indicates that the 
specific activities of both C- and T-liver RNA’s increase from 
the first to the fifth day but that the rate of incorporation into 
T-liver RNA is greater than that into C-liver RNA. Also from 
the figure it is observed that the specific activity of the C-liver 
DNA is maintained at a relatively constant level whereas the 
T-liver DNA activity increases after the second day. 

The specific activities of the individual mononucleotides ob- 
tained from both C- and T-liver RNA preparations showed an 
average increase from the first to the fifth day after injection. 
As seen in Table I the increase corresponds to that found in the 


| 


| 


various times after P#? injection. Experimental conditions and 
symbols are the same as in Fig. 1A and 1B. 


TABLE I 
Specific activity of ribonucleic acid-mononucleotides 


Mononucleotides separated by column chromatography with 
chloride elution system, pooled, concentrated, counted, and phos- 
phorus content calculated with appropriate extinction coeffi- 
cients. All results expressed as counts per minute per microgram 
of phosphorus. 


Control-liver Triiodothyronine-liver 


Nucleotide 
Day 1 | Day 2| Day 4} Day 1 | Day 3 | Day 5 
Cytidylic acid.......... 493 | 822 | 2170 | 665 | 2980 | 2910 
Adenylic acid........... 743 | 1132 | 2300 | 877 | 3200 | 3520 
Uridylic acid........... 623 | 845 | 1865 750 | 3010 | 3570 
Guanylic acid.......... 530 | 838 | 1755 | 680 | 2815 | 3340 
597 | 909 | 2023 | 743 | 3001 | 3350 
Control-tail Triiodothyronine-tail 
Nucleotide 
Day 1 | Day 2 | Day 4 | Day 1 | Day3 Day 5 
Cytidylic acid.......... 1115 | 2085 | 2510 | 1362; — — 
Adenylic acid........... — | 2780 | — | 1241 | 2660 | 2200 
Uridylic acid........... 1445 | 2210 | 2730 | 1105 | 2065 | 1900 
Guanylic acid.......... 1180 | 2030 | 2610 | 1192 | 2285 | 2430 
Average.............. 1246 | 2276 | 2616 | 1225 | 2337 | 2177 
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total nucleic acid fraction since the activity in the T-liver mono- 
nucleotides is much higher than in the C-liver compounds. At 
any one day after injection the specific activities of the individ- 
ual mononucleotides are approximately equal indicating a fairly 
uniform labeling of the RNA in both C- and T-liver. 

The specific activity of the protein fraction obtained from T- 
liver is considerably greater than the corresponding values from 
C-liver at all times after injection of P®. Fig. 2 shows that from 
the third to the fifth day the specific activity of T-liver protein 
remains essentially constant whereas the C-liver protein contin- 
ues to increase at least to the fourth day. 

Composition of Liver RN A—There were no differences found 
in the mononucleotide composition between the C- and T-liver 
RNA’s. Table II shows that liver RNA from Rana grylio tad- 
poles has a low uridylic acid and a high guanylic acid content 
and, aS an approximation, the amount of guanylic acid plus 
uridylic acid equals cytidylic acid plus adenylic acid (GMP + 
UMP = CMP + AMP). 

Nucleic Acid Content of Liver—Hormone treatment was found 
to produce changes in the nucleic acid content of tadpole liver 
as indicated in Table III. It can be seen that the average DNA 
and RNA contents are approximately equal in the control livers 
and thus the RNA:DNA ratio remains essentially constant 
throughout the experimental period. During induced metamor- 
phosis, however, there is a tendency for the RNA content of the 
liver to increase but the amount of DNA decreases strikingly, 
resulting in a significant increase in the RNA:DNA. 

There are no differences produced in nucleic acid content or 
RNA:DNA in the froglet liver upon hormone treatment. 

Liver weight—The average individual liver weight of 99 control 
animals was 0.20 g whereas the average for an initially compara- 
ble group of 90 animals 4 or more days after triiodothyronine 
treatment was 0.24 g. Such an increase in liver weight after hor- 
mone administration was reported earlier (2). 

Specific Activity of Tail Fracttons—As shown in Fig. 1B, no 
differences are apparent in the specific activities of the tail acid- 
soluble and lipid fractions obtained from the control (C-tail) 
and triiodothyronine-treated (T-tail) animals. An obvious dif- 
ference does appear however, in the specific activities of the total 
nucleic acid fractions. Fig. 1B shows that beyond 2 days after 
injection the specific activities differ markedly in that the T-tail 
fraction levels off or falls slightly below the 2-day value. Upon 
isolation of the respective RNA’s and DNA’s, it was found that 
the specific activities of both tail nucleic acids from the triiodo- 
thyronine-treated animals fails to increase after the second day 
whereas the specific activities of the corresponding control tail 
nucleic acids show a steady increase (Fig. 3). 

Thus it appears that triiodothyronine treatment increases the 
specific activity of liver RNA and DNA over the control values 
but causes no further increase in the specific activity of tail 
RNA and DNA after 2 days. 

The average specific activities of the individual mononucleo- 
tides from both C-tail and T-tail RNA preparations reflect the 
over-all changes occurring in the total RNA. As seen in Table 
I the average specific activity of the C-tail mononucleotides 
increases from the first to the fourth day whereas the average 
activity of the mononucleotides from the T-tail at the fifth day 
is the same as the activity at the third day. 

The specific activities of the protein fractions obtained from 
the tail are shown in Fig. 3. The specific activity of C-tail pro- 
tein increases steadily from the first to the fourth day after P® 


TABLE II 
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Nucleotide composition of liver and tail RNA 


Each value represents the combined average of three control 
groups and three groups of triiodothyronine-treated tadpoles. 


Nucleotide Liver Tail 
% of total % of total 
Cytidylie acid.......... 25.4 + 2.1 27.8 + 1.5 
Adenylic acid........... 20.8 + 0.7 20.7 + 1.3 
Uridylic acid........... 15.5 + 1.1 18.3 + 2.3 
Guanylic acid. ......... 38.5 + 3.1 33.2 + 1.6 
TABLE III 


Specific activity of RNA and DNA in froglets and tadpoles 


Three days after intraperitoneal injection of triiodothyronine, 
tadpoles and froglets received 50 we of P*? as orthophosphate. 
Comparable groups served as controls and received P*® only. 
All animals were killed 2 days after P* injection. 


Animal Organ Treatment RNA DNA 
c.p.m./ug P | c.pm./ug P 
Tadpole liver | control 1251 140 
Tadpole liver | triiodothyronine 2215 248 
Tadpole tail control 831 194 
Tadpole tail Trit 520 176 
Froglet liver | control 328 58.4 
Froglet liver | triiodothyronine 274 44.2 
TAIL 
RNA (C) 
2000-—- 
SPECIFIC 
ACTIVITY 
RNA (T) 
MIN. 
DNA (Cc) 
ps. P 
- PROTEIN (C) 
ONA (T) 


various times after P*? injection. 


3 


4 5 


DAYS AFTER INJECTION 
Fic. 3. Specific activity of tail RNA, DNA, and protein at 


Experimental conditions and 


symbols are the same as in Fig. 1A and 1B. 
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TABLE IV 
Nucleic acid content of tadpole liver 


Summary of nucleic acid analysis for several experiments reported earlier in this paper. The average hind leg length-tail length 
ratio has been included to indicate the morphological effect of triiodothyronine treatment. 


Control groups Triiodothyronine groups 
injec 
No. |Hind leg/tail |, nota! RNA DNA | RNA/DNA| NO. leg/tail | RNA DNA | RNA/DNA 
1 23 0.08 4.6 2.0 2.1 0.98 22 0.06 5.0 2.2 2.5 0.86 
2 22 0.09 5.2 1.8 2.5 0.70 22 0.09 4.4 1.7 2.3 0.76 
3 22 0.10 4.6 2.0 1.8 1.1 
4 21 0.07 4.8 2.1 2.3 0.91 22 0.16 4.4 2.7 1.6 1.7 
5 19 0.19 4.0 2.8 1.2 2.2 
6 20 0.06 4.2 2.6 1.9 1.4 13 0.29 4.0 2.7 1.4 1.9 
5 14 0.11 5.8 2.2 2.7 .82 14 0.26 2.3 2.1 0.67 3.1 
Froglet 50 6.9 3.2 3.7 0.89 50 6.8 3.1 3.9 0.80 
27 4.0 2.2 2.1 1.0 


injection, whereas the activity of the T-tail fraction increases to 
the second day but remains constant or declines slightly there- 
after. 

Composition of Tail RNA—There were no differences found 
in. the nucleotide composition between C- and T-tail RNA’s and 
Table II reveals that tail and liver RNA’s have similar nucleo- 
tide compositions. _ 

Nucleic Acid Content of Tail—The contamination of tail nu- 
cleic acid preparations with protein necessitated purification of 
these fractions before counting and spectral analyses. Since 
chloroform-octanol extraction involves considerable loss, quanti- 
tative data on the nucleic acid content of tail tissue could not be 
obtained. 

Incorporation of P® when Given 3 Days after Tritodothyronine— 
In view of the apparent hormone stimulation of P® incorporation 
into tadpole liver nucleic acid and the changes produced in the 
tail, an experiment was designed to answer the following ques- 
tions: 

a. Does the steady level of the specific activity of tail nucleic 
acid of 2 days of hormone treatment indicate that nucleic acid 
synthesis has virtually ceased? 

b. Is the stimulation of P® incorporation into the liver nucleic 
acid limited to tadpoles or do fully metamorphosed froglets re- 
spond similarly to the hormone? 

Three days after intraperitoneal administration of triiodothyro- 
nine, 20 Rana grylio tadpoles received 50 ue of P® as orthophos- 
phate. A comparable group, serving as controls, received the 
same tracer dose. In addition, 50 fully metamorphosed froglets 
were given injections of 10-* moles per g body weight triiodothy- 
ronine and 3 days later received 50 ue of P®. <A control group 
of froglets received only P*. All animals were killed 2 days 
after P® administration and consequently the tadpole and froglet 
groups were exposed to the hormone for a total of 5 days. 

The results of this experiment are shown in Table IV. It is 
obvious again that hormone treatment stimulates the incorpora- 
tion of P® into liver RNA and DNA but more striking is the fact 
that after three days of hormone treatment followed by P® 
administration, incorporation of the isotope into the tail nucleic 
acids does not cease. The level of incorporation is significantly 


lower than in the controls, but apparently synthesis of both 
RNA and DNA continues in the tail. 

In answer to the second question Table IV shows that hormone 
treatment does not alter the extent of P® incorporation into 
froglet liver RNA and DNA. It is also clear that the froglet 
specific activities are considerably lower than the corresponding 
tadpole values, but this may be a reflection of the apparently 
poor nutritional state of a large number of the froglets used. 


DISCUSSION 


The remarkable decrease in DNA content of the tadpole liver 
and only the slight tendency for the RNA to increase during 
hormone treatment is in apparent contradiction to the P® incor- 
poration data. The slight increase in RNA content coupled 
with the substantial incorporation of P® implies that hormone 
treatment stimulates RNA “turnover” with little or no net 
synthesis. The fact that the DNA content decreases even 
though the incorporation of P*? increases points to an alternative 
explanation, however. If triiodothyronine produces hyper- 
trophy of the tadpole liver, the liver weight should increase 
even though the cell number remains essentially constant and 
the amount of DNA per unit of wet weight should decrease. We 
have observed a 20% increase in liver weight on hormone treat- 
ment during the experimental period accompanied by an approx- 
imate 40% decrease in the DNA content. Thus the weight 
increase could account to an appreciable extent for the observed 
decrease in DNA content of the tadpole liver and this observation 
strongly suggests that hypertrophy of the liver occurs during 
induced metamorphosis. The final confirmation of hypertrophy 
must await direct cytological studies on tadpole liver. If this 
hypertrophy is assumed, then the slight tendency for the liver 
RNA content per wet weight to increase coupled with the stim- 
ulation of P® incorporation, indicates a substantial net synthesis 
of RNA in the tadpole liver during induced metamorphosis. 
Zacchei (13) has reported an increase in total body RNA per 
animal of Bufo vulgaris in the intermediate stages of metamor- 
phosis. 

In view of the fact that hormone treatment does not alter the 
nucleic acid content, RNA:DNA, or incorporation of P® in the 
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froglet liver, the nucleic acid effect is restricted to the liver of 
tadpoles undergoing induced metamorphosis. Since this RNA: 
DNA of froglet liver corresponds to that of the control tadpole 
liver, triiodothyronine treatment produces only a temporary 
alteration of this ratio. Such a transient modification of the 
RNA:DNA was demonstrated in mouse liver by Baxi et al. (14) 
who found that 48 hours after thyroxine administration the 
RNA:DNA increased significantly and thereafter declined to a 
value which, at the end of 240 hours, approached the control 
level. 

The nucleotide composition of R. grylio tadpole liver RNA 
differs somewhat from that found by Finamore and Volkin (15) 
for the liver of mature R. cateshieana frogs in that adenylic acid 
is significantly lower and guanylic acid proportionately higher 
in the R. grylvo tadpole liver. Since the cytidylic and uridylic 
acid contents are identical in both species, the purine-pyrimidine 
are equivalent and equal to about 1.4. 

During induced and spontaneous metamorphosis an increase 
in activity of many liver enzymes has been noted (1—4) but no 
enzymic effects have been recorded before the appearance of 
morphological changes. In contrast, the stimulation by triiodo- 
thyronine of P® incorporation into the liver RNA is apparent as 
early as 2 days after injection of the hormone when no external 
morphological effects are obvious. Therefore, the increased in- 
corporation of P® into liver RNA represents an extremely rapid 
response to triiodothyronine, certainly among the earliest recorded 
for induced amphibian metamorphosis. It is not unreasonable to 
assume that this response is the prelude to increased enzyme 
and general protein synthesis. 

Another early stimulatory effect of hormone administration is 
the incorporation of P® into the protein fraction of the liver. 
Although the incorporation into the protein is somewhat higher 
than into the RNA in both the C- and T-livers from the first to 
the fourth day, the magnitude of the stimulatory effect of the 
hormone is similar in both the RNA and protein fractions. The 
significance of the enhanced incorporation into the protein frac- 
tion is by no means clear since the function of protein phospho- 
rus in cells has not been definitely established. 

The increase in the specific activity of these compounds is 
consistent with the observations of Gennaro (16) who noted a 
rise in the mean specific activity of the phosphorus of the liver 
during metamorphosis. 

An apparent inhibitory effect of triiodothyronine is evidenced 
by the failure of tail RNA and DNA specific activities to increase 
beyond 2 days after hormone administration. Since P® incor- 
poration into the nucleic acids of the tail still occurs even though 
the isotope is administered 3 days after hormone treatment, 
synthesis or “turnover” of these compounds, or both, must be 
continuing. Therefore the maintenance of the specific activity 
at a relatively constant level is not due to lack of further synthesis 
but more likely is a reflection of the specific activity of the pre- 
cursor pool—probably components of the acid-soluble fraction. 

Whereas the specific activity of liver protein is slightly higher 
than liver RNA, in the tail the activity of the protein in both 
control and triiodothyronine-treated groups does not approach 
the level of the corresponding RNA’s. Hormone treatment ap- 
parently prevents further increase in the specific activity of tail 
protein 2 days after injection. 
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Thus triiodothyronine-induced metamorphosis is characterized 
by an increase in the rate of P® incorporation into the RNA, 
DNA, and protein of the liver and the premature establishment 
of an apparent “steady state” in these fractions of the tail. 

This study affords an interesting contrast between the nucleic 
acid metabolism of the tadpole liver, a tissue which is increasing 
in size and function and the tadpole tail which is undergoing 
resorption. 


SUMMARY 


During induced metamorphosis the rate of incorporation of 
P® as orthophosphate into the ribonucleic acid (RNA), deoxy- 
ribonucleic acid (DNA), and protein of the liver is increased 
and is observable before any external morphological transforma- 
tions are discernable. There is a marked alteration of the liver 
RNA:DNA during this time due to a net synthesis of RNA 
coinciding with an apparent liver hypertrophy. 

Incorporation of P® into the RNA, DNA, and protein of the 
tail increases for 2 days after initiation of metamorphosis then 
is maintained at a relatively constant level in contrast to the 
specific activities of the control group which continues to in- 
crease throughout the experimental period. These results sug- 
gest the premature establishment of an apparent “steady state’”’ 
in the tail during induced metamorphosis. 


Acknowledgmenits—The authors gratefully acknowledge the 
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Experiments by Bendich et al. (1, 2) and by Polli and Shooter 
(3, 4) have suggested that the deoxyribonucleic acids might be 
tissue specific. Bendich et al. (1) found that the DNA of rat 
spleen, kidney, brain, and intestine could be distinguished by 
their chromatographic profiles on diethylaminoethy]-cellulose. 
The chromatographic differences between rat kidney and brain 
DNA were particularly pronounced. Polli and Shooter (3) 


studied the sedimentation coefficient distribution curves at in- 


finite dilution of DNA preparations from normal human leu- 
cocytes or spleen, and from human lymphatic leukemia or 
myeloid leukemia. Differences between the samples were ob- 
served and the following hypotheses were suggested to explain 
the differences: (a) Variations were associated with the average 
degree of maturity of the cells; (6) variations were due to the 
presence of different proportions of the types of cells, or (c) 
specific changes occurred in the deoxyribonucleic acid of all the 
cells. 

It is apparent that problems of considerable genetic impor- 
tance are raised by the above results. However, the differences 
in the DNA chromatographic profiles of various rat tissues 
have not been confirmed by Kondo and Osawa (5). The frac- 
tionation of DNA on substituted cellulose anion exchangers 
has also been under study in this laboratory (6-11). Several 
Ecteola-cellulose! anion exchangers of varying nitrogen content 
and exchange capacity have been employed to study the DNA 
chromatographic profiles of normal tissues and tumors. DNA 
preparations from the following rodent tissues have been in- 
vestigated: rat spleen, kidney, and brain, and mouse spleen, 
kidney, lung, liver, and thymus. In agreement with the results 
of Kondo and Osawa (5), it was observed that the DNA chroma- 
tographic profiles of the various tissues of the same animal 
were rather similar. 


EXPERIMENTAL 


Preparation of DNA—DNA was prepared from the tissues 
of adult rats and mice. The animals had been fed ad libitum 
on standard laboratory diets before being killed. The method 
of Kirby (12) with minor modifications (6) was used to pre- 
pare the DNA. Approximately 20 mg of DNA were freshly 
prepared for each chromatographic run. Tissues were excised 


* Aided in part by grants from the American Cancer Society 
(P35A), the Leukemia Society, Incorporated, and the National 
Cancer Institute (C-4238). The author is indebted to Andrew 
Cox for expert technical assistance. 

1 See ‘‘Experimental.’’ 


from z 0 4 rats or from 20 to 30 normal mice as rapidly as 
possible and frozen in a Dry-Ice-ethyl Cellosolve bath (ethy]- 
ene glycol monoethyl ether). The tissues were homogenized 
at 4-6° with a loose fitting Potter-Elvehjem all glass homoge- 
nizer in 12 volumes of 6% sodium p-aminosalicylate. To the 
homogenate, an equal volume of 90% phenol was added and 
the suspension was stirred at 22° for 1 hour. The suspension 
was centrifuged at 3000 r.p.m. in the HR-1 Refrigerated In- 
ternational Centrifuge and the aqueous layer was withdrawn. 
The pheno] phase was reextracted with a small volume of 6% so- 
dium p-aminosalicylate. In all subsequent purification steps, the 
DNA was dissolved in 0.01 m NaCl rather than in distilled water. 
The DNA was reprecipitated several times from a 4% sodium ace- 
tate solution and incubated at 4° for 18 hours with crystalline 
ribonuclease (1 to 2 mg per g wet weight of the original tis- 
sue). The DNA was again precipitated from solution, redis- 
solved, and separated from polysaccharides by extraction with 
2-methoxyethanol (methyl Cellosolve) from potassium phos- 
phate solution (12). 

Over 90% of the DNA was extracted with sodium p-amino- 
salicylate and phenol and the final yield exceeded 70%. The 
DNA preparations were contaminated with about 5% RNA 
and 1% or less of protein. The protein content or the chro- 
matographic properties of the samples were not changed, how- 
ever, by treating the DNA with chymotrypsin (6). The ratios 
of purines to pyrimidines and of adenine plus cytosine to gua- 
nine plus thymine were approximately one (7). The E}%, of 
the DNA preparations was 200 + 13. Upon heating dilute 
solutions (about 0.005%) in 0.01 m or 0.05 m NaCl to a 
temperature of 90 to 100°, an irreversible increase of about 
35% in the optical absorption was observed (13). For the 
samples studied here, this transition was sharp, and took place 
between 85-98°. The sedimentation constants of several DNA 
preparations were measured at concentrations of 0.03 to 0.1% 
DNA with the Spinco model E ultracentrifuge and Schlieren 
optics. The average Seow: obtained by extrapolating the curve 
for 1/820,~ against DNA concentration to zero DNA concen- 
tration, was 22 x 10-" second. The intrinsic viscosities of 
the DNA preparations were determined with Cannon-Manning 
Calibrated Semimicro viscometers of 0.5 ml approximate charge, 
an efflux time for water at 25° of approximately 300 seconds, 
and a shear gradient of about 600 sec-!. The average intrin- 
sic viscosity was 49 deciliters per g (29°, 0.2 m NaCl, 0.01 m 
phosphate, pH 7). 

Chromatography—Details concerning the chromatographic 
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procedures and a critical discussion of the methodology have 
been presented elsewhere (6). Two Ecteola-Solka Floc anion ex- 
changers were employed: (a) Exchanger B-39; nitrogen content, 
0.55%, exchange capacity, 0.39 meq per g; and (b) Exchanger 
B-30; nitrogen content, 0.42%, exchange capacity, 0.30 meq per 
g. The exchangers were purchased from Brown Company. Ap- 
proximately 500 mg of exchanger were used for each column in 
the case of the B-39 exchanger, but 750 mg were employed in the 
case of the B-30 exchanger. The Ecteola-cellulose was thor- 
oughly washed with water and susperided in 1 N NaOH before use. 
Excess alkali was removed by repeated washings with water and 
the exchangers were finally equilibrated with 0.05 m NaCl for 0.01 
m NaCl in 0.001 m phosphate buffer, pH 7. 

Approximately 2.5 to 3.5 mg of freshly prepared samples of 
DNA (equivalent to 50,000 to 70,000 optical density units at 
258 mu in the Beckman DK-2 spectrophotometer)? were dis- 
solved in the phosphate-buffered 0.05 m sodium chloride solu- 
tion, and applied to the B-39 Ecteola-cellulose columns. Half 
this amount of DNA dissolved in 0.01 m NaCl, 0.001 m phosphate 
was added to the B-30 exchanger. Recovery of ultraviolet-ab- 
sorbing material from the columns was in almost every instance 
greater than 90%. 

The solvent flow through the columns was under the force 
of gravity. Five-milliliter aliquots were collected with the use 
of an automatic fraction collector (Rinco Instrument Company, 
Greenville, Illinois). The siphons employed with this fraction 
collector (constant volume operation) were carefully washed 
with cleaning solution and rinsed with distilled water before 
each run. The delivery by the siphons was accurate to +0.2 
ml (4.8 to 5.2). A discontinuous schedule of elution was em- 
ployed. The eluents and elution schedules are shown in Table 
J and II. 


RESULTS AND DISCUSSION 


Typical DNA chromatographic profiles, obtained with Ecteola- 
cellulose exchanger, B-39, are shown in Fig. 1. One peak is 
eluted by 0.6 m NaCl and 0.001 m phosphate, and four or more 
peaks by 2 m NaCl and NH; solutions of increasing alkalinity. 
Approximately 60% of the DNA is eluted from this exchanger 
by 2.0 m NaCl and 0.1 to 0.4 m NH; (eluent numbers 7 to 10 
of Table II). The chromatographic profiles of DNA prepara- 
tions from mouse thymus and lung were rather similar (Fig. 1). 

In Figs. 2 to 4, the cumulative total of the DNA eluted from 
the exchangers is plotted against the eluent numbers which are 
shown in Tables I and II. The elution profiles of the DNA 
preparations shown in Fig. 2 were obtained with the stronger 
exchanger, B-39 (0.55% nitrogen; 0.39 meq per g exchange ca- 
pacity) whereas those shown in Figs. 3 and 4 were obtained 
with exchanger, B-30 (0.42% nitrogen; exchange capacity, 0.30 
meq per g). Fig. 2 shows that with exchanger B-39, about 
15% of the DNA of rat tissues was eluted by the first three 
eluents (0.05 to 0.6 m NaCl) but about 60% by eluents 7 to 
10 (2 m NaCl and 0.1 to 0.4 m NH3). However, with the 
weaker exchanger, B-30, 27 to 33% of the DNA was eluted 
by the first 5 eluents (0.01 m to 0.6 m NaCl) and about 55% 
by eluents 8 to 11 (2 m NaCl and 0.01 to 0.3 m NHs3) (Fig. 3). 
Yet, with either exchanger, the DNA chromatographic elution 
profiles of rat brain, kidney, and spleen were very similar. 


? Defined as the optical density K 10% X ml of solution applied 
to the columns. 
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TABLE I 


Elution schedule for DNA chromatography on Ecteola-cellulose anion 
exchanger, B-30 


Elu- |Total 
as co Composition pH rate per 
our 
ml ml 
1 | 30 | 0.01 m NaCl, 0.001 m sodium phosphate | 7.0) 10 
2 | 30 | 0.05 m NaCl, 0.001 m sodium phosphate | 7.0} 10 
3 | 30 | 0.2 m NaCl, 0.001 m sodium phosphate | 7.0) 5 
4 | 60 | 0.4 m NaCl, 0.001 m sodium phosphate | 7.0) 6.7 
5 | 30 | 0.6 m NaCl, 0.001 m sodium phosphate | 7.0) 10 
6 | 30 | 0.8 m NaCl, 0.001 m sodium phosphate | 7.0) 10 
7 | 30 | 2.0 m NaCl, 0.01 m sodium phosphate 7.8} 10 
8 | 30 | 0.01 m NHsz, 2.0 m NaCl 10.0) 5 
9 | 60 | 0.1 m NH3, 2.0 m NaCl 10.6, 6.7 
10 | 30 | 0.2 mM NHs, 2.0 m NaCl 10.8} 10 
11 | 30 | 0.3 m NHs3, 2.0 m NaCl 10.9} 10 
12 | 30 | 0.4 m NHs, 2.0 m NaCl 10.9) 10 
13 | 30 | 1.0m NHs, 2.0 m NaCl 11.1} 5 
14 | 60 | 0.6 m NaOH 6.7 


TaBLeE II 


Elution schedule for DNA chromatography on Ecteola-cellulose 
anion exchanger, B-39 


Approxi- 
Composition pH — 
No. | ume hoor 

ml ml 

1 | 30 | 0.05 m NaCl, 0.001 m sodium phosphate | 7.0} 10 
2 | 30 | 0.2 m NaCl, 0.001 m sodium phosphate 7.0} 10 

3 | 30 | 0.6 m NaCl, 0.001 m sodium phosphate 7.0) 5 

4 | 60 | 0.8 m NaCl, 0.001 m sodium phosphate 7.0; 6.7 

5 | 30 | 2.0 m NaCl, 0.01 m sodium phosphate 8.0; 10 

6 | 30 | 0.01 m NH;3, 2m NaCl 10.0; 10 

7 | 30 | 0.1 m NH;, 2m NaCl 10.6; 10 

8 | 30 | 0.2 m NH3, 2 mM NaCl 10.8; 5 

9 | 60 | 0.3 mM NH;, 2m NaCl 10.9} 6.7 
10 | 30 | 0.4 mM NH3, 2 Mm NaCl 10.9} 10 
11 | 30 | 0.6 m NHs3, 2 Mm NaCl 10.9) 10 
12 | 30 | 0.6 m NH3;, 2 m NaCl 11.0; 10 
13 | 30 | 1.0m NH;, 2m NaCl 11.1) 5 
14 | 60 | 0.6 m NaOH 6.7 


The elution profiles of mouse liver, kidney, lung, and spleen 
on Ecteola-cellulose, B-30 are shown in Fig. 4. From 15 to 
21% of the DNA was eluted by eluents 3 and 4 (0.2 and 0.4 
mM NaCl, 0.001 m phosphate), and from 55 to 60% by eluents 
8 to 11 (2 m NaCl, 0.01 to 0.3 m NHs;). The differences in 
the elution profiles of the four tissues were small. 

The DNA chromatographic profiles on exchanger, B-39 of 
diploid and tetraploid lymphomas, diploid and tetraploid car- 
cinomas, melanomas S91 and S91A, and normal spleen cells 
have been described previously (7). The chromatographic pro- 
files of all of the above tissues were rather similar. As a fur- 
ther check, one experiment was carried out on exchanger B-30, 
with the use of the DNA of mouse spleen and melanoma 891. 
As was observed in experiments with exchanger B-39, the elu- 
tion profiles of mouse spleen and melanoma DNA on exchanger 
B-30 were almost identical. 
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Differences between rat kidney and brain DNA of the mag- 
nitude reported by Bendich e¢ al. (1) were not confirmed by 
our experiments. In this respect, our results are in agreement 
with those of Kondo and Osawa (5). A number of factors 
may account for the discrepancies between the laboratories: 

1. The methods used to prepare the DNA were not the same. 


THYMUS(Akr) ONA 
LUNG(Akr) DNA 

500mg ECTEOLA-CELLULOSE 

14— 

13- 


MOLAR IN 2.0 MOLAR NoCi 
No Cl IN 0.01 M PO, ,pH8 


Fic. 1. DNA chromatographic profiles on Ecteola-cellulose 
(B-39) (Brown Company) of Akr mouse thymus and lung. Opti- 
cal density was recorded at 258 my. 62,000 optical density units of 
DNA were applied to each column. Recovery of optical density 
units from column: 74% and 77%, respectively (see Table II). 


100- 


90- 


La 


1 12 13 14 


23456789 


Fic. 2. DNA elution profiles of rat brain, spleen, and kidney 
on Ecteola-cellulose B-39 (0.39 meq per g exchange capacity, 
0.55% nitrogen). Approximately 63,800, 63,000, and 62,800 optical 
density units were applied to each column. Recovery of optical 
density units from column: 90%, 90%, and 91%, respectively. 


Profiles of DNA Preparations from Rat and Mouse Tissues 


Vol. 235, No. 6 
1007 «RAT BRAIN DNA 
© RAT KIDNEY DNA 
RAT SPLEEN DNA 
750mg. ECTEOLA- 
CELLULOSE B30 
80- 
10 12 13:14 


6 8 
ELUENT NUMBER 
Fic. 3. DNA elution profiles of rat brain, spleen, and kidney 
on 750 mg of Ecteola-cellulose B-30 (0.30 meq per g exchange 
capacity, 0.42 nitrogen). The figures shown represent the aver- 


ages of two determinations. Recoveries of optical density units 
from columns: 90%, 106%, and 104%, respectively (see Table I). 


100= 
90- 
e LIVER (C3H) DONA 
«LUNG 
SPLEEN (C3H)ONA 
ECTEOLA- 
70- CELLULOSE 830 
3 60- 
z 50- 
40- 
30- 
2 
20— 


3456789 10 [2 13 14 
ELUENT NUMBER 

Fic. 4. DNA chromatographic elution profiles of mouse lung, 
kidney, liver, and spleen on 750 mg of Ecteola-cellulose B-30 (0.30 
meq per g exchange capacity, 0.42 nitrogen). The results repre- 
sent the averages of two determinations for each of the tissues 
except for mouse spleen. Average recoveries of optical density 
units from columns: 114%, 98%, 105%, and 111%, respectively. 
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The method of Kay et al. (14) or Mirsky and Pollister (15) 
were employed by Kondo and Osawa (5); the methods of Schwan- 
der and Signer (16) or of Kay et al. (14) by Bendich e¢ al. (1), 
and the method of Kirby (12) by this laboratory. It cannot 
be assumed that DNA prepared from the same tissue by dif- 
ferent methods or even that DNA prepared from different tis- 
sues by the same method will necessarily give products of equal 
purity and integrity (6, 17). 

The Kirby phenol p-aminosalicylate method (12) of prepar- 
ing DNA has the following advantages: (a) the extraction of 
DNA from tissues is essentially complete and the final yield 
is very high; (6) the possibility of partial degradation by nu- 
cleases is minimized (6). On the other hand, many of the 
common methods of preparing DNA involve conditions in which 
nuclease activity is uncontrolled or the methods are objection- 
able because of the use of alkali. The dissociation of DNA 
from lipoproteins by anionic detergents is slow without the 
hydrolytic assistance of either mitochondrial DNase or heat. 
It is likely that many of the detergent methods depend upon 
the action of these enzymes rather than on some catalytic power 
of the detergent to rupture the bonds between protein and 
DNA (18-20). In methods with alkali or heat, the alkali or 
the heating could bring about the cleavage. In milder meth- 
ods involving prolonged extraction periods, it is very likely 
that mitochondrial enzyme action could play a role. Frick (21) 
has critically studied some commonly used methods of pre- 
paring DNA. Nucleoprotein was first prepared by extracting 
thymus tissue with 1 m NaCl and then precipitating by dilut- 
ing with 0.14 m NaCl. The resulting nucleoprotein was then 
repeatedly deproteinized with a mixture of amy] alcohol and 
chloroform. If the work was carried out in the cold, a very 
low yield of DNA was obtained. In order to obtain a higher 
yield, it was necessary to resort to hydrolysis with 0.5% sodium 
carbonate at 50-55° for 1 to 2 hours before starting the chloro- 
form treatment. If no hydrolysis was applied, the yield of 
DNA corresponded to the amount of protein in dissociation 
equilibrium with the nucleoprotein. In Hammarsten’s method, 
the nucleoprotein used as starting material was obtained by 
extracting the tissue three times with distilled water. The nu- 
cleoprotein was then precipitated from the extract with calcium 
chloride. The nucleoprotein was dissociated from the protein 
with saturated NaCl. Frick (21) concluded that although Ham- 
marsten’s method gave a good yield, it also depended on enzy- 
matic activity in the starting material. 

2. The protein contamination of the samples varied. All of 
the methods of preparing DNA result in products contami- 
nated by some protein. The DNA prepared in this laboratory 
by the Kirby method contained 1% or less of protein. Butler 
et al. (22) reported that three DNA samples prepared by the 
detergent method (dodecyl sulfate) contained 0.08, 0.2, and 
0.8% protein. Protein contamination of DNA prepared ac- 
cording to Hammarsten may be relatively great (21). The pres- 
ence of even small amounts of protein may markedly modify 
the physical chemical properties of DNA preparations because 
of cross linking. Butler et al. (22) observed that the distri- 
bution of sedimentation constants was decreased in three “do- 
decyl sulfate DNA preparations” which were treated with chy- 
motrypsin. The addition of chymotrypsin to DNA which had 
been deproteinized by the Sevag procedure caused a definite 
change in the distribution curve of sedimentation coefficients, 
indicating that the properties of the latter product were still in- 
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fluenced by the presence of protein. Hermans (23) has observed 
reductions in the average molecular weight as determined by 
light scattering of various DNA preparations including one 
sample which was deproteinized with phenol. Significantly, 
however, the chromatographic elution profiles of the DNA prep- 
arations employed in the present studies were not modified 
by prior chymotrypsin treatment of the DNA (6). 

3. The chromatographic procedures were different. A sched- 
ule of gradient elution was employed by Bendich et al. (1, 2), 
but discontinuous elution was employed by ourselves and by 
Kondo and Osawa (5). 

4. The properties of the Ecteola-cellulose were not the same. 
Experiments were carried out in this laboratory with such ex- 
changers of high and of low exchange capacity and nitrogen 
content. In addition, an experiment was performed with the 
exchanger, SF-4, which was obtained through the kindness of 
Dr. Aaron Bendich. The exchanger SF-4 manifested proper- 
ties intermediate between that of exchanger B-30 and B-39. 
The DNA elution profiles were somewhat shifted towards the 
left when the exchangers of lower nitrogen content were em- 
ployed but the chromatographic profiles of the various tissues 
were similar on any given exchanger. 

The elution of ultraviolet-absorbing material from the Ec- 
teola-cellulose columns exceeded 90% in almost every instance. 
It is worth emphasizing that alkaline eluents (pH 10 to 11) 
were required for the elution of most of the DNA. Since the 
DNA was exposed to these eluting solutions for hours, it seems 
possible that configurational changes, or other modifications in 
the structure of the DNA, may have taken place during chro- 
matography. In some instances, the recovery of ultraviolet 
absorbing material from the columns was as high as 114%. 
A recovery in excess of 100% suggests that elution is accompa- 
nied by denaturation of DNA, which indeed would be antici- 
pated from the use of alkaline eluents. The chromatographic 
profiles of heat denatured DNA differ markedly from native 
DNA (13). Denaturation of DNA during chromatography 
might also be manifested by an apparent increase in the hetero- 
geneity of the samples. Clearly, there is an imperative need 
for anion exchangers from which DNA can be eluted by neu- 
tral sodium chloride solutions. 

It is possible that intrinsic differences exist in the chromato- 
graphic properties of the DNA of different tissues of the same 
animal. Such differences were not detectable, however, in the — 
DNA preparations studied in this laboratory. In view of the 
complexities involved in the preparation and chromatographic 
analyses of these macromolecules (6), extreme caution is in- 
dicated in extrapolating from the apparent differences which 
one may sometimes observe between particular DNA prepara- 
tions and the properties of DNA in situ. 


SUMMARY 


Preparations of deoxyribonucleic acid were obtained by ex- 
tracting rat brain, kidney, or spleen, and mouse lung, liver, spleen, 
kidney, or thymus with p-aminosalicylate and phenol. The 
preparations were chromatographed on Ecteola-cellulose anion 
exchangers of low and of high nitrogen content and exchange 
capacity. With either exchanger, the chromatographic elution 
profiles of the various tissues obtained from the same animal were 
very similar. 
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Many metabolic alterations observed during fetal development 
are associated with changes in enzyme activities (1). Conceiv- 
ably some of these changes could be dependent upon variations 
in the concentrations of the pyridine nucleotides (2, 3). To ex- 
plore this possibility the oxidized and reduced diphosphopyridine 
nucleotides and triphosphopyridine nucleotides were measured in 
several tissues of the fetal, newborn, and adult guinea pig. The 
concentration of DPN was found to remain unchanged during 
development. In contrast, the concentration of TPNH in the 
liver increased markedly at birth. : 

The activities of several enzymes involved in the metabolism 
of the pyridine nucleotides were also studied and found to vary 
during the fetal and neonatal period. DPNase activity was de- 
termined in liver, spleen, and cerebral cortex. The activities of 
the glucose 6-phosphate and 6-phosphogluconate dehydrogenase 
were measured in liver. 


METHODS 


Animals—Guinea pigs from the same inbred colony were used 
in all experiments. Animals were killed by cervical dislocation. 
Liver, spleen, and cerebral cortex were rapidly excised and either 
extracted for pyridine nucleotide determinations or homogenized 
for enzyme assays. All assays were done on single organs except 
in the case of fetal spleen and cerebral cortex when organs from 
litter mates were pooled. Fetal age was estimated by reference to 
Draper’s table of crown-rump length, weight, and gestational 
age (4). 

Determination of Pyridine Nucleotides—DPN,TPN, DPNH,and 
TPNH were determined in tissue extracts by a combination of 
specific enzymatic assays and fluorescence measurements as de- 
scribed by Ciotti and Kaplan (5). Fluorescence was measured 
with a Farrand photofluorometer. Oxidized pyridine nucleotides 
were extracted from tissues with cold 5% trichloroacetic acid; 
reduced pyridine nucleotides with hot 0.10 m sodium carbonate 
(6). | 
Concentrations of oxidized and reduced DPN and TPN below 
15 ug per g of tissue could not be accurately determined because 
of turbidity in tissue extracts. Duplicate determinations above 
20 ug per g of tissue agreed within 10%. 

Unknown substances in tissue extracts could conceivably affect 
the enzyme assay systems for oxidized and reduced DPN and 
TPN. Known amounts of TPNH and DPNH were added to 
sodium carbonate extracts of fetal (gestational age 60 days) and 
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adult liver, spleen, and cerebral cortex, and reassayed. Dupli- 
cate determinations agreed within 10%. Within this range of 
variability the expected increment of reduced nucleotide was 
found indicating that nothing in the extract interfered with the 
assay systems. Similarly, trichloroacetic acid extracts were 
found not to effect the determination of DPN and TPN. 

The stability of oxidized and reduced DPN and TPN in excised 
liver was investigated to determine if any significant losses were 
likely to occur before extraction. Livers from an adult and a 
fetus (gestational age 60 days) were excised and divided, one 
part extracted immediately with 5% trichloroacetic acid, the 
other part allowed to remain at room temperature for 10 minutes. 
The assays for DPN and TPN in both parts were not signifi- 
cantly different indicating that losses probably did not occur be- 
fore extraction. The experiment was repeated, extracting with 
hot sodium carbonate to test the stability of TPNH and DPNH 
in excised liver, with the same results. 

- Homogenization—Homogenization of tissues for enzyme assays 
and fractionation of adult and fetal liver followed the procedure 
of Hogeboom and Schneider (7). 

DPNase Activity—Liver, spleen, and cerebral cortex homo- 
genates were prepared with cold 0.25 m sucrose (7). In appro- 
priately diluted homogenates DPNase activity was determined 
according to the procedure described by Kaplan (8) based on the 
cyanide reaction of DPN, except that the incubation time was 
shortened to 4 minutes. Spectrophotometric measurements for 
DPNase, as well as for dehydrogenase assays, were carried out 
with a Beckman DU spectrophotometer. : 

Dehydrogenase Activities—Glucose 6-phosphate and 6-phos- 
phogluconate dehydrogenase assays were made on the superna- 
tant fraction (7) of 10% liver homogenates in 0.14 m KCl with 
the use of a modification of the assay system of Glock and Me- 
Clean (9). The pH optima for these dehydrogenases were found 
to be 10.1 and 8.9, respectively, in adult as well as in fetal guinea 
pig liver. Dehydrogenase activities of the supernatant fraction 
of fetal and adult liver homogenates were the same as the activ- 
ities of the initial homogenate. The procedure of Glock and 
McClean was followed except that it was found that dialysis of 
the supernatant was unnecessary, and MgCl. was omitted from 
the reaction mixture because of the alkalinity of the pH optima 
of the dehydrogenases in the guinea pig. The reaction was 
started by adding 0.1 ml of the supernatant to a total reaction 
mixture of 2.4 ml at 20°. The rate of the reaction was linear 
up to 7 or 8 minutes. Activity is plotted (Fig. 4) as the increase 
in optical density in 5 minutes at 340 mu. 

Materials—TPN, TPNH, and DPN were purchased from 
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Pabst Laboratories; DPNH from Sigma Biochemical Company; 
Neurospora DPNase and beef heart isocitric dehydrogenase were 


prepared by Mr. Francis Stoltzenbach according to methods 


described by Kaplan et al. (10, 11). Crystalline yeast alcohol 
dehydrogenase was obtained from Worthington Biochemicals pre- 
pared as described by Racker (12). TPNH glutathione reduc- 
tase was prepared from an acetone powder of dried peas as 
described by Kaplan et al. (11). 


RESULTS 


Pyridine Nucleotides—DPN and DPNH concentrations in 
liver, spleen, and cerebral cortex did not appear to change during 
development. DPN concentrations at various stages of develop- 
ment are given in Fig. 1. DPNH concentrations in all these 
stages varied between 5 to 10% of the DPN values. The con- 
centrations of DPN were found to be higher in liver than in 
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Fic. 1. DPN concentration in guinea pig liver, cerebral cortex, 
and spleen. Each point on fetal spleen and cerebral cortex repre- 
sents a single measurement on the pooled organs of litter mates. 
All other points are single measurements on single organs. 
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Fic. 2. TPNH concentration in guinea pig liver. Each point 
represents a single measurement on a single organ. 
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Fic. 3. DPNase activity in guinea pig liver, cerebral cortex, 
and spleen. Each point on fetal spleen and cerebral cortex repre- 
sents a single measurement on the pooled organs of litter mates. 
All other points are single measurements on single organs. 


cerebral cortex and spleen, and in all these tissues DPN was 
present in greater concentration than DPNH. This agrees with 
findings in the adult rat (13). 

TPNH concentrations in liver are plotted in Fig. 2. TPNH 
concentrations in fetal and adult cerebral cortex and spleen in 
the same stages were below 15 ug per g of tissue. No detectable 
amount of TPN was found in any fetal or adult tissue. 

DPNase Actwity—DPNase activity is low in the fetus and 
begins to increase around the 55th day of gestation (term 68 
days), reaching adult values before birth (Fig. 3). This increase 
in enzyme activity is probably not due to the disappearance of an 
inhibitor or the appearance of a necessary cofactor during devel- 
opment because mixing equal volumes of adult and fetal (gesta- 
tional age 45 days) homogenates of either liver, spleen, or cerebral 
cortex does not result in potentiation or inhibition of DPNase 
activity. It is important to note that the rise in DPNase ac- 
tivity in these tissues is due to an increase in active enzyme con- 
centration within cells and not to shifts in cell population or 
changes in cytoplasmic volume, for it has been shown that the 
cell population and the cytoplasmic volume in liver and cerebral 
cortex and probably spleen do not change appreciably during the 
latter part of gestation or in the neonatal period (14, 15). 

In the rat, in contrast to the guinea pig, Burton (16) has found 
that brain DPNase activity rises to adult values only after birth. 
This is not surprising as the guinea pig is physiologically more 
mature at birth than the rat, and many other developmental 
changes that occur before birth in the guinea pig take place after 
birth in the rat (17). 

The rise of enzyme activity in the fetus is unaccompanied by 
any change in the pyridine nucleotide concentrations (Figs. 1 to 
3). In addition, around the 40th day of gestation when DPN- 
ase activity is absent in cerebral cortex and liver, the concentra- 
tions of DPN are, nevertheless, the same as in the adult. The 
role of DPNase in the cell is unknown, however, these findings 
would suggest that DPNase does not regulate the over-all pyri- 
dine nucleotide concentration in tissues nor is it concerned with 
the biosynthesis of pyridine nucleotides. 

The separation of a DPN and a TPN specific pyridine nucleo- 
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Fic. 4. Glucose 6-phosphate (G-6-P) and 6-phosphogluconate 
(6-PG) dehydrogenase activities in guinea pig liver. Each point 
on fetal liver represents a single measurement on pooled organs of 
litter mates. 


tidase from adult rabbit erythrocytes has been reported (18, 19). 
If two specific enzymes are also present in adult guinea pig tis- 
sues, it was thought that perhaps their development in the fetus 
might not occur in parallel. However, the ratio of DPN to 
TPN hydrolysis in homogenates of liver, spleen and cerebral 
cortex were found to be 1.0 in an adult and not significantly dif- 
ferent in a number of fetuses of different gestational ages (50, 55 
and 60 days). Also the pH activity curves of DPN and TPN 
hydrolysis in homogenates of adult and fetal tissues were found 
to be the same with a plateau from 6.0 to 9.1. Therefore, no 
evidence was obtained that more than one pyridine nucleotidase 
is present in the guinea pig. 

The intracellular localization of DPNase activity seems to be 
the same in adult and fetal liver. From a fetal (gestational age 
55 days) and an adult liver homogenate prepared in 0.25 m 
sucrose, the nuclear and mitochondrial fractions contained 25 
and 25% of the total activity, the microsomal pellet 70 and 50%, 
and the supernatant 10 and 20%. 

Dehydrogenase Activittes—Not all enzymes increase in activity 
during the fetal and neonatal period. Glucose 6-phosphate de- 
hydrogenase activity in liver was found to decrease during de- 
velopment, whereas 6-phosphogluconate dehydrogenase activity 
remained unchanged (Fig. 4). The rapid increase of the TPNH 
concentrations in liver at birth (Fig. 2) seems to be unrelated to 
the activities of these enzymes. In fetal liver the TPN and 
TPNH concentrations are low in the presence of high dehydrogen- 
ase activities. Glock and McClean (20) also found low TPN 
and TPNH concentrations and high dehydrogenase activities in 
adult spleen. 


DISCUSSION 


In fetal liver the TPNH concentration is much lower than 
in the adult. Presumably the enzymatic reactions associated 
with a high TPNH concentration are absent or greatly dimin- 
ished (21, 22). In the newborn the TPNH concentration in- 
creases rapidly (Fig. 2). Several liver enzymes in the guinea 
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pig have been shown to have a similar pattern of development 
(23-25). The activities of these enzymes, glucose 6-phosphatase, 
tryptophan pyrrolase,'! and uridine diphosphoglucuronic acid 
transferase, are absent in fetal liver and rise to adult values in a 
matter of hours after birth. At this time, it would seem, the 
metabolic role of the adult liver is established. The onset of the 
necessary enzymatic changes probably depend on the removal 
of the fetus from the uterine environment. This has been demon- 
strated for tryptophan pyrrolase (24). 

In contrast to these special liver enzymes and TPNH, DPNase 
activity in the guinea pig rises to adult values before birth. It 
is of interest that this increase in DPNase activity during fetal 
life occurs roughly in parallel in liver, spleen, and cerebral cortex. 


SUMMARY 


1. The concentrations of diphosphopyridine nucleotide, tri- 
phosphopyridine nucleotide, reduced diphophopyridine nucleo- 
tide, and reduced triphosphopyridine nucleotide were determined 
in guinea pig liver, cerebral cortex and spleen at various fetal 
stages from the 40th day of gestation to term (68 days), in the 
newborn and in the adult. Diphosphopyridine nucleotidase was 
assayed in the same tissues. 

2. The concentration of reduced triphosphopyridine nucleotide 
in the liver of the fetus is low (25 ug per gram of tissue) through- 
out the latter part of gestation and rises rapidly to adult values 
(250 ug per gram of tissue) within 24 hours after birth. The con- 
centrations of the other pyridine nucleotides during this period 
of development remain unchanged. 

3. Diphosphopyridine nucleotidase activity is low in fetal tis- 
sues but begins to increase at the end of gestation, reaching adult 
values before birth. 


Acknowledgment—The authors wish to thank Dr. Anthony 
San Pietro for his helpful suggestions during the course of this 
investigation. 
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The availability of cultured mutant! mammalian cells (1-3) 
manipulable by procedures similar to those used with other mi- 
croorganisms has provided a tool which may facilitate studies of 
various aspects of mammalian genetics. One question of inter- 
est which can be readily explored with them concerns the nature 
of genetic changes at the biochemical level. To gain more in- 
sight into this problem, some of the enzyme activities involved 
in purine metabolism were examined in susceptible parent 
AMK2-2? cells and in mutants selected from them resistant to 
2,6-diaminopurine or 6-mercaptopurine. 

Investigations with a streptococcus (6, 7) and with neoplastic 
cells grown in mice (8) have indicated that resistance to 8-aza- 
guanine (and simultaneously to 6-mercaptopurine) is associated 
with a decreased ability to form the nucleotide, 8-azaguanylic 
acid (or 6-mercaptopurine ribonucleotide). With the mam- 
malian cells this was correlated with what may be about a 75% 
depression in the activity which catalyzes the synthesis of IMP 
fom hypoxanthine and ribosylpyrophosphate a-5-phosphate 
(IMP pyrophosphorylase (9-11)). Although enzyme studies 
have not been reported, similarly, with DP,’ the resistance of 
bacterial mutants seems to derive from their inability to synthe- 
size the 5’-nucleotide (12, 13). 

Experiments with cell-free preparations of mutant AMK cells 
have indicated a similar mechanism of resistance for them. Only 
the parent possesses both AMP and IMP pyrophosphorylase; 
cells resistant to DP lack the AMP enzyme, whereas those re- 
sistant to MP lack the IMP one. The results obtained with 
growing cultures have been consistent with the loss in the mu- 
tants of one or the other enzyme. 

The purpose of this report is to present the evidence for the 
nature of the enzyme changes which are associated with mutation 
to resistance to DP and MP in a permanently cultivatable mam- 
malian cell. 


EXPERIMENTAL 


Materials—Cells were grown on glass surfaces in a medium 
similar to the one of Healy et al. (14) and supplemented with 


* This investigation was supported by a research grant from the 
National Institutes of Health, United States Public Health Serv- 
ice. 

1 The term ‘‘mutant’’ is used to describe a cell with a new trait 
stable for many generations in the absence of the specific selective 
agent. Until recombinational analysis can be made, it is recog- 
nized that no rigorous proof of mutation is possible. 

2 Parent AMK2-2 cells were kindly supplied by Dr. L. Simino- 
vitch and Dr. R. C. Parker. They were originally considered to 
be ‘“‘altered’? monkey kidney cells, but subsequent studies (4) 
have suggested their derivation from Earle’s mouse fibroblast 
strain L (5). 

3 The abbreviations used are: DP, 2,6-diaminopurine; MP, 6- 
mercaptopurine. 
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15% bovine serum. To prepare extracts, when maximal growth 
was approached, the cells were harvested by scraping with a 
rubber spatula and washed 3 times by centrifugation with an 
ice-cold solution containing NaCl (0.14 m), KCl (0.03 m), CaCl. 
(0.001 m), MgCl (0.001 m), and sodium phosphate (0.01 m, pH 
7.4). The packed washed cells, suspended in water, were dis- 
rupted by sonic vibration as previously described (15). 

Unlabeled purines and their derivatives were obtained from 
the Sigma Chemical Company and from the Nutritional Bio- 
chemicals Corporation. 8-C'-Labeled adenine and hypoxan- 
thine were products of the Volk Radiochemical Company and 
8-C'4-adenosine was prepared by Schwarz Laboratories. The 
purine analogues, DP and MP, were obtained from the Nutri- 
tional Biochemicals Corporation, and 4-aminopteroylglutamic 
acid (Aminopterin) was a gift from Dr. 8S. M. Hardy, Lederle 
Laboratories. PP-ribose-P was prepared as previously de- 
scribed (16). 

Determinations—Cell counts were made with a Levy counting 
chamber. Radioactivity measurements were made with a gas 
flow counter after drying the samples in stainless steel dishes, or 
if they contained high concentrations of acid, on round cover 
glasses. Protein was estimated by the procedure of Lowry et 
al. (17). 

Assay Procedures—To measure the pyrophosphorylase activi- 
ties, C'4-labeled purine substrates were used, and the nucleotide 
products were estimated after isolation by ion-exchange chroma- 
tography. 

AMP Pyrophosphorylase—The reaction mixtures (0.5 ml) con- 
tained 0.05 ml of 0.25 m tris(hydroxymethyl)aminomethane 
buffer (pH 8.0), 0.02 ml of 0.1 m MgCle, 0.05 ml of 0.001 m PP- 
ribose-P, 0.05 ml of 1.6 10-3 m 8-C™-adenine (2.2 10° ¢.p.m. 
per umole) and the enzyme preparation. After 45 minutes at 
37°, the mixtures were heated in a boiling water bath for 1 min- 
ute, cooled, and 2 ml of 2 m HCl were added. Insoluble material 
was discarded by centrifugation and the supernatant solutions 
were put on columns of Dowex 50, H+ form, 2 cm in height and 
1 cm in diameter, at room temperature. AMP was eluted with 
2 mM HCI in a total effluent volume of 15 ml and radioactivity 
measurements were made on 1-ml aliquots dried on cover glasses. 
A unit of enzyme was defined as the amount yielding 1 umole of 
AMP per hour and specific activity was defined as units per mg 
of protein. 

Under the conditions of the assay, no AMP synthesis occurred 
in the absence of added PRPP, and nucleotide formation was 
proportional to the amount of enzyme preparation over the range 
tested. Thus, with 0, 0.005, 0.01, and 0.02 ml of extract 0, 1245, 
1950, and 4270 c.p.m. were found in the eluates, respectively. 

Evidence consistent with the identity of the radioactive prod- 
uct with AMP was obtained by comparing its elution pattern 
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TaBLeE I 
Effect of purine analogues on parent and mutant cells 

The cells were harvested by scraping with a rubber spatula 
and were suspended in growth medium to yield 12,500 per ml. 
Two-milliliter aliquots of the suspensions were delivered to tubes 
which had previously received the indicated amounts of the purine 
analogues. The tubes were incubated (37°) in an almost hori- 
zontal position and after 5 days, growth was estimated by count- 
ing the cells. 


Analogue Culture 
DP MP Parent DPpr* MP't 
pmole per ml +A cells (thousands) 
0 360 308 308 
0.012 95 283 31 
0.024 65 323 17 
0.048 0 267 0 
0.600 0 181 0 
0.006 25 29 371 
0.012 0 0 295 
0.024 0 0 343 
0.600 0 0 347 
* DP-resistant cells. 
MP-resistant cells. 
TABLE II 


AMP and IMP pyrophosphorylases in parent and mutant extracts 


The cell-free extracts were prepared and assayed as described 
under ‘‘Experimental.’’ 


Extract 
Purine substrate Specific activity 
Parent | DP'* | MP't 
mg protein tested units/mg protein 
Adenine 0.11 0.19 
0.53 <0.001 
0.17 0.23 
0.11 0.53 0.14f 
Hypoxanthine 0.032 0.48 
0.032 0.39 
0.87 <0.001 
0.032 0.87 0.36f 


* DP-resistant cells. 

t MP-resistant cells. 

t Only the protein contributed by the parent extract was used 
to calculate specific activity. 


from Dowex 1 with that of the authentic compound. Further, 
treatment with adenylate deaminase yielded a compound with 
the chromatographic properties (Dowex 1) of IMP. 

IMP Pyrophosphorylase—The test mixtures were the same as 
for the AMP enzyme assay except that the purine substrate was 
0.02 ml of 2 X 10-3 m 8-C'*-hypoxanthine (1.1 10° ¢.p.m. per 
umole). After 45 minutes at 37°, the reaction was stopped by 
heating in a boiling water bath for 1 minute. Two milliliters of 
water were then added, insoluble material was discarded by cen- 
trifugation, and the supernatant solutions were put on columns 
of Dowex 1, chloride form, 2% cross-linked, 2 cm in height and 
1 cm in diameter, at room temperature. Hypoxanthine was 
eluted with 35 ml of 0.01 m HCl, IMP with 5 ml of the 1 o acid. 
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Radioactivity measurements were made as described above and 
the enzyme unit and specific activity were similarly defined. 

No IMP was formed in the absence of added PP-ribose-P and 
nucleotide synthesis was proportional to the amount of enzyme 
preparation over the range tested. Thus, with 0, 0.003, 0.01, 
and 0.03 ml of extract 59, 1096, 3245, and 8770 c.p.m. were found 
in the 1 M HC] eluates, respectively. Experimental values were 
corrected for the small, consistent blank. The chromatographic 
properties of the radioactive product on Dowex 1 were identical 
with those of authentic IMP. 


RESULTS 


Isolation and Properties of Mutants—Cells resistant to DP were 
selected simply by plating 3 x 105 or more parent cells in growth 
medium containing the analogue (0.15 to 0.3 umole per ml). 
The cultures were fed with the same medium after 4 and again 
after 8 days. After 12 days, colonies of resistant cells were trans- 
ferred to medium free from DP, and their descendants were 
cloned and maintained in the absence of the analogue. Cells 
resistant to MP, on the other hand, were not so readily obtain- 
able. Mutants were selected as previously described (2) by re- 
peated exposure to 8-azaguanine (1 wg per ml) and regrowth in 
its absence. The mutants thus isolated were resistant to both 
the selective agent and MP. Cross-resistance with these two 
purine analogues has been observed previously (see, for example, 
Brockman et al. (8)). 

The ease of isolation of the DP-resistant cells derives from the 
relatively high frequency of the mutation. With the use of the 
method of Luria and Delbriick (18) and the procedures previously 
described (3), the rate was calculated to be approximately 2.5 x 
10-* mutation per cell per generation. Resistance to MP appears 
to occur with insufficient frequency to be measurable with the 
methods now available. 

The behavior of the parent and mutant clonal isolates in the 
presence of various concentrations of the purine analogues is 
shown in Table I. As shown in the table, resistance to one of 
the analogues was not accompanied by resistance to the other. 

Estimation of AMP and IMP Pyrophosphorylases—Estimation 
of the pyrophosphorylases in cell-free extracts of the parent and 
mutant cells revealed that the parent cells possess both enzymes, 
the DP-resistant cells have only the IMP pyrophosphorylase, 
and the MP-resistant cells have only the AMP enzyme (Table 
II). The table also shows that mixtures of the parent extract 
with the deficient mutant ones were active, indicating that stable 
inhibitors are not responsible for the inactivity of the mutant 
preparations. The apparent depressed activities of the parent 
extract in the mixtures probably resulted from the phosphatases 
contributed by the mutant extracts. 

Incorporation of C'*-Labeled Purines—The inactivity of their 
cell-free preparations does not, of course, prove that the mutants 
are enzymatically deficient. To obtain additional information, 
the ability of growing cells to take up C"-adenine and hypoxan- 
thine was studied (Table III). As shown in the table, consistent 
with the enzyme data, although parent cells became labeled with 
both purines, only hypoxanthine labeled the DP-resistant cells 
and only adenine the MP-resistant ones. 

Effect of Adenine, Hypoxanthine, and Derivatives in Presence of 
Aminopterin—Further evidence for the absence of one or the 
other pyrophosphorylase activity in the mutants was obtained 
with Aminopterin in an assay procedure similar to the one de- 
scribed by Hakala and Taylor (19). Although the AMK cells 
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TaBLeE III 
Incorporation of purines by parent and mutant cells 


To suspensions of the various cells (12,500 cells per ml) in 
growth medium was added per ml 0.04 umole of 8-C'*-adenine 
(2.2 X 105 c.p.m. per wymole) or 8-C*-hypoxanthine (1.1 X 10° 
c.p.m. per umole) and 2-ml aliquots were delivered to culture 
tubes. When 4 to 6 X 105 cells were present per culture, the 
attached cells were washed three times with 2-ml aliquots of 
growth medium and twice with serum-free medium. The cells 
were then detached into 1 ml of serum-free medium, and aliquots 
were used to estimate growth and incorporated radioactivity. 


Culture 
Purine 
Parent DpPpr* MP't 
c.p.m. per 108 cellst 
1460 25 2120 
Hypoxanthine............ 1390 1480 0 


* DP-resistant cells. 

t MP-resistant cells. 

t When the washed, detached cells were treated with perchloric 
acid (final concentration 1%), more than 85% of the radioactivity 
was recovered in the insoluble residue. It would appear, there- 
fore, that most of the radioactivity was present in nucleic acid. 


TaBLE IV 

Effective purines and derivatives in presence of Aminopterin 

To suspensions of the various cells (12,500 per ml) in growth 
medium (containing glycine) were added per ml 0.015 ml of thy- 
midine (5 X 10-4 m) and 0.005 ml of aminopterin (2 K 10-* m). 
Two-milliliter aliquots of the suspensions were distributed to 
culture tubes containing 0.01 ml of the indicated test solutions 
(0.01 m) and after 54 days (37°), growth was estimated by count- 
ing cells. 


Culture 
Additions 
Parent | DP'T* MP't 
cell number (thousands) 

SN OE 340 13 486 
Hypoxanthine.................. 385 420 18 
376 480 5 
Adenine + hypoxanthine....... 391 432 502 
No Aminopterin................ 412 463 483 


* DP-resistant cells. 
t MP-resistant cells. 


do not ordinarily need the preformed compounds, absolute 
growth requirements for glycine, thymidine, and a purine can 
be readily demonstrated in the presence of the folic acid analogue, 
Aminopterin. Under these conditions, both adenine and hypox- 
anthine served as a source of purines for the parent cells whereas 
only hypoxanthine supported the growth of the DP-resistant 
mutant and only adenine was effective with the MP-resistant one 
(Table IV). The same results were obtained with higher levels 
(0.3 umole per ml) of the purines. 

As shown in the table, for the MP-resistant cells, neither 
adenosine nor inosine could replace adenine.* Although these 


4 AMP, IMP, and adenine deoxyriboside and deoxyribotide 
were likewise active only with the parent and DP-resistant cells. 


I. Lieberman and P. Ove 
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observations suggested an additional deficiency in the MP-re- 
sistant cells (e.g. lack of a permease), the inactivity of the ribo- 
sides appears to result instead from their rapid conversion to 
hypoxanthine, a compound which can serve as a purine source 
for all but the MP-resistant cells. Thus, for example, when 
3 X 10° MP-resistant cells were incubated (37°) with adenosine 
(0.4 umole, 54,000 c.p.m.) for 1 hour, chromatography with 
Dowex 50, H+ form, revealed no radioactivity in the adenosine 
area and 22,930 c.p.m. in the hypoxanthine area. Most of the 
remaining radioactivity was found in the inosine area (20,500 
c.p.m.). After an additional 15 hours of incubation, more than 
98% of the radioactivity was recoverable in the hypoxanthine 
area. 

Adenosine deaminase and purine nucleoside phosphorylase 
could account for the formation of the major products. It would 
require only initial hydrolysis by a phosphatase to explain the 
inactivity of the 5’-nucleotides for the MP-resistant cells. Re- 
gardless of the enzymes involved, however, these observations 
suggest that caution should be used in interpreting the results 
obtained with purine derivatives fed to intact cultured mam- 
malian cells. 


DISCUSSION 


The relationship between resistance to a purine analogue and 
a, decrease in a nucleotide pyrophosphorylase activity was recog- 
nized by Brockman et al. (8), who worked with 8-azaguanine and 
experimental neoplasms in mice. The pyrophosphorylases con- 
vert the relatively innocuous free bases of the analogues to their 
nucleotide derivatives (8, 11, 13, 20), and clearly, it is the latter 
compounds which are highly toxic (21, 22). 

The ability of the mutant AMK cells to grow in the presence 
of levels of DP or MP lethal to parent cells appears to depend 
upon the same mechanism. The DP-resistant cells lacking AMP 
pyrophosphorylase cannot convert adenine and presumably its 
analogue to their respective 5’-nucleotides, whereas the MP 
mutant is inactive with hypoxanthine and its analogues.§ In- 
terestingly, this suggests that pathways of purine nucleotide 
synthesis involving nucleoside phosphorylase and a phosphokinase 
do not play a significant role in the AMK cells. 

Such a pathway, however, might explain the high residual ac- 
tivity of the azaguanine-resistant neoplastic cells (8) which ap- 
peared to synthesize about 25% as much IMP + inosine as the 
susceptible ones. Other possibilities, on the other hand, include ~ 
heterogeneous cell populations and partially blocked mutants. 

It is noteworthy that the lack of a nucleotide pyrophosphor- 
ylase in the mutant cells had no effect upon their growth in a 
medium containing no detectable purines or derivatives; the 
doubling time for the parent and mutant cultures was about 22 
hours. Mutants resistant to both purine analogues, however, 
grew at less than half this rate but this may have been related 
to an additional heritable change. 


SUMMARY 


Mutants capable of growth in the presence of levels of 2,6- 
diaminopurine or 6-mercaptopurine lethal for the parent cells 
have been isolated from cultures of mammalian cells, AMK2-2. 
The mutant resistant to diaminopurine has no detectable ade- 
nosine 5’-phosphate pyrophosphorylase and is incapable of in- 


§ With 8-C-azaguanine, in 30 hours intact MP-resistant cells 
incorporated less than 5% as much radioactivity as the parent 
AMK cells. 
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corporating adenine, but it is indistinguishable from parent cells 
with regard to hypoxanthine. Conversely, the mutant resistant 
to mercaptopurine has no detectable inosine 5’-phosphate pyro- 
phosphorylase and can utilize adenine but not hypoxanthine as 


a source of purine. 
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The mechanism by which iron is utilized for heme synthe- 
sis in isolated systems has been a subject of recent interest. 
Iron is part of the heme molecule and is utilized in the for- 
mation of heme by reacting with protoporphyrin. Thus iron 
participates as a substrate. The reaction of iron with proto- 
porphyrin appears to be enzymatic (1-4). Iron has aJso been 
implicated as a cofactor in the biosynthesis of 5-aminolevulinic 
acid (5, 6). 

The work to be described originated with the observation 
that heme synthesis in intact red cells of iron-deficient duck- 
lings could be stimulated severalfold by the addition of ferrous 
iron (7). When whole blood from iron-deficient ducklings was 
incubated with glycine-2-C', decreased amounts of C'*-heme 
were formed; the addition of ferrous iron in mtro to the de- 
ficient blood restored heme synthesis to control values. Since 
the iron markedly stimulated heme synthesis in iron-deficient 
cells, exploration of this system seemed worthwhile in order 
to study the sites of reaction of iron in these processes. A 
stimulation of heme synthesis from glycine and other substrates 
by iron has been reported for normal erythrocytes (8, 9). 

The purpose of the present studies was 2-fold: (a) to com- 
pare the rates of formation of heme and of PROTO! from gly- 
cine and AML in iron-deficient and control blood of ducklings, 
and (b) to study the effects of iron deficiency on the biosyn- 
thesis of AML in washed particles of hemolysed red cells (10, 
11). In previous studies it was possible to demonstrate that 
pyridoxal 5’-phosphate was involved in AML synthesis by show- 
ing that red cells of vitamin B,-deficient ducklings incorporated 
glycine-2-C™ into heme at a reduced rate; the addition of py- 
ridoxal 5’-phosphate in vitro stimulated heme synthesis. On 
the other hand, normal amounts of heme were formed from 
AML by the deficient cells, and this was unaffected by the 
addition of the cofactor (12). By use of a similar technique 
in the present study, comparing PROTO formation from AML 
and glycine, iron has been implicated in AML biosynthesis; 
this is in agreement with the observations of Brown (5, 6). 
Although PROTO formation from glycine was depressed, its 
formation from AML was comparatively little affected by iron 
deficiency. Decreased amounts of heme were formed from both 
glycine and AML by iron-deficient blood, and these amounts 


* This investigation was aided by grants from the National 
Cancer Institute of the National Institutes of Health, United 
States Public Health Service (PHS C-1852), and from the Di- 
vision of Biological and Medical Sciences, National Science 
Foundation (NSF-G7126). 

+ Summer Fellow, supported in part by the Council on Foods 
and Nutrition, American Medical Association. 

1The abbreviations used are: AML, 6-aminolevulinic acid; 
PROTO, protoporphyrin; URO, uroporphyrin; COPRO, copro- 
porphyrin. 


could be increased by the addition of iron. AML synthesis by 
particles derived from iron-deficient blood was decreased, but 
the addition of iron was not stimulatory under our conditions. 
However, particles derived from iron-deficient cells which were 
preincubated in the absence of iron lost synthetic activity, 
whereas those derived from cells preincubated with iron did not. 
Iron did not prevent the loss of AML synthesis when control 
cells were preincubated. 

Blood from iron-deficient ducklings contained increased num- 
bers of reticulocytes. This was in contrast to the decreased 
numbers of reticulocytes in various vitamin deficiencies. The 
number of reticulocytes must be considered since the rates of 
incorporation of glycine-2-C™ into heme in vitro is proportional 
to the reticulocyte count (13). 


EXPERIMENTAL 


Hemoglobin was determined by the method of Schultze and 
Elvehjem (14), and red blood cells were stained by the method 
of Manwell and Feigelson (15). Duck red cells were classed 
as immature and called reticulocytes (16) on the basis of nu- 
clear structure, nuclear shape, and cytoplasmic chromation (17). 
Jugular blood was collected in heparin under ether anesthesia. 

The iron-deficient diet consisted of 25 g of casein,? 10 g of 
gelatin, 53.3 g of Argo corn starch, 3.5 g of Mazola corn oil, 
0.1 g of inositol, 0.2 g of choline chloride, vitamins in the pro- 
portions used by Reid et al. (18), and 7.9 g of salt mixture 
(18), except that ferric citrate was omitted and anhydrous 
CaHPOQO, was used instead of the hydrated compound. Con- 
trol groups received the same diets supplemented with 0.02% 
iron as ferric citrate or ferrous ammonium sulfate. Day-old 
Peking ducklings were fed the diets and distilled drinking water 
ad libitum, and were usually maintained on the diets for 14 
days. 

Incubation of Blood Samples (for Hemin and Porphyrins)— 
Since glycine is converted into heme more efficiently by whole 
cells whereas AML is utilized more efficiently by red cel] he- 
molysates, these different systems were used with the two dif- 
ferent substrates. Hemolysates were prepared by replacing the 
plasma with an equal volume of cold water. 

Twelve milliliters of whole blood or red cell hemolysates 
(pooled samples when necessary) were incubated at 37° for 2 
hours in air in a Dubnoff shaker with either 120 umoles of 
glycine-2-C™ (18,500 ¢.p.m. per umole) or AML-2,3-C™ (11,500 
¢c.p.m. per umole), respectively. Either 0.3 ml of 0.9% NaCl or 
0.3 ml of iron (a fresh solution of ferrous ammonium sulfate 


2 Labco casein was obtained from the Borden Company, and 
U.S.P. gelatin powder and reagent grade salts from Baker and 
Adamson, General Chemical Division, Allied Chemical and Dye 
Corporation. 
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in 0.9% NaCl) was added so that the final concentration was 
10 wg of iron per ml. 

Preparation of Hemin—For the determination of specific ac- 
tivities of hemin crystals, prepared by a modified Fischer (19) 
procedure, 2 ml of the above incubation mixture were processed 
as follows: 600 mg of commercial hemoglobin in 5 ml of 0.9% 
NaCl were added as heme carrier, and the solution was rapidly 
forced by syringe into 30 ml of a mixture (room temperature) 
of glacial acetic acid plus 0.5 ml of saturated NaCl] contained 
in a conical centrifuge tube with a beaded rim. The tubes 
were covered with watch glasses to retard evaporation, im- 
mersed in a boiling water bath for 6 hours, allowed to cool 
to room temperature, and centrifuged. The packed hemin crys- 
tals were then washed and counted as previously described (12). 

This procedure was convenient, but was applicable only when 
the solution contained little or no free radioactive PROTO. 
Dresel and Falk (8) found that hemin crystallized in the pres- 
ence of free porphyrin was contaminated with the porphyrin; 
this could not be removed by washing the crystals. In this 
study it was found that the hemin was not freed from radio- 
active porphyrin even by recrystallization. 

The above procedure can be used with reasonable accuracy 
when glycine with low specific activity (18,500 c.p.m. per umole) 
is the substrate, because glycine yields little radioactive PROTO. 
In a representative experiment, PROTO was responsible for 
about 3% of the radioactivity of the hemin crystals prepared 
from a 2 ml incubation mixture (plus hemoglobin carrier) con- 
taining 30 mg of heme, 20 mumoles of radioactive heme, and 
10 mumoles of PROTO. When glycine with high specific ac- 
tivity (94,500 c.p.m. per umole) was used as substrate, the 
contamination was 12% because PROTO of higher specific ac- 
tivity was adsorbed on the hemin crystals. 

This procedure cannot be used with accuracy when radio- 
active AML is used as the substrate because relatively less 
heme and more PROTO are formed (8). In a typical experi- 
ment 2 ml of an hemolysate incubated with AML resulted in 
the formation of 150 mumoles of PROTO and only 7 myumoles 
of heme. Even though more heme (60 myumoles) was formed 
in the presence of added iron, 120 mumoles of PROTO were 
stil) present in the incubation mixture resulting in highly con- 
taminated hemin crystals. In either case the total hemin sam- 
ple was contaminated with 40 to 50 mumoles of radioactive 
PROTO. 

Separation of Hemin and Porphyrins—In order to obtain ac- 
curate values for hemin as well as an analysis of the free por- 
phyrins formed, the porphyrins were separated and measured 
by a modification of the method described by Dresel and Falk 
(8). In our hands the following procedure gave more precise 
separation than the original method and yielded homogeneous 
fractions. ‘Ten milliliters of blood or hemolysed cells were mixed 
with 10 volumes of a mixture of ethyl] acetate and acetic acid 
(3:1) and left in the refrigerator for at least 2 days to ensure 
complete precipitation of the proteins. The proteins were fil- 
tered on a sintered glass funnel and washed with another 10 
volumes of ethyl acetate-acetic acid (3:1). The combined ethyl 
acetate-acetic acid extracts were washed twice with 50 ml of 
a saturated solution of sodium acetate and once with 50 ml 
of water to remove acetic acid. Small amounts of porphyrin 
went into the aqueous phase. They were recovered by ad- 
justing the combined sodium acetate and water washings to 
pH 3 and extracting with ethyl acetate. The latter was com- 
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bined with the main ethyl acetate fraction containing heme 
and free porphyrins. The combined ethyl acetate solutions 
were extracted with 10 ml of 15% HCl to remove all free por- 
phyrins. This was repeated until no more fluorescence was de- 
tected in the HCl extract. 

Hemin was isolated from the porphyrin-free ethyl acetate 
phase as follows: The ethyl acetate was added to 100 ml of 
water in a beaker and allowed to evaporate at room tempera- 
ture. The hemin accumulated in the water as a fine precipi- 
tate and was centrifuged, washed twice with ethyl acetate and 
twice with ethyl ether; it was plated from ethyl ether. 

The combined 15% HCl solution (containing URO, COPRO, 
and PROTO) was adjusted to pH 3 to 4 with 14% NH,OH 
(weight per volume) and extracted several times with peroxide- 
free ethyl ether, followed by CHCls, until no more fluorescence 
was observed in the organic solvents. The combined ether- 
chloroform solution contained PROTO and COPRO, and the 
aqueous solution contained URO. Each was separated for 
analysis as follows: COPRO was extracted with 0.2% HCI. 
PROTO was then extracted from the ether-chloroform into 10% 
HCl. URO was extracted into ethyl acetate after the pH of 
the aqueous solution was adjusted to pH 3 with HCl. It was 
then extracted from the ethyl] acetate with 15% HCl. Each 
porphyrin (COPRO, URO, and PROTO in 0.2, 10, and 15% 
HCl, respectively) was assayed in the Beckman spectropho- 
tometer and its concentration calculated according to Riming- 
ton and Sveinsson (20). The fractions were checked for purity 
by paper chromatography in lutidine-NH3;-water (21) and found 
to be homogeneous. 

The PROTO values represent the differences between the 
amounts found before and after incubation with substrate. 
There was little difference in the amounts of PROTO found 
in unincubated samples and those observed after incubation 
without added substrate. 

The quantities of heme synthesized were calculated from: 


c.p.m/mg of hemin X total mg of hemin x 1000 
c.p.m/pmole of substrate X 8 


= myumoles of hemin 


It was assumed that 8 moles of glycine or AML were incor- 
porated into 1 mole of heme. The total] milligrams of hemin 
were calculated from the total] amount of hemoglobin (original 
plus carrier) in the system by assuming that hemoglobin yields 
3.94% hemin. Hemoglobin carrier was always added when he- 
min was isolated by the modified Fischer procedure, and omitted 
when hemin was prepared from an ethyl acetate solution. 

AML Biosynthesis—Washed insoluble particles of red cell he- 
molysates were prepared by the procedure of Laver et al. (10), 
except that the entire insoluble mass was retained. It was 
suspended in 0.1 m phosphate buffer, pH 6.8, with which it 
was diluted to half the volume of the original blood sample. 
Two milliliters of the suspension, equivalent to 4 ml of blood, 
were incubated at 37° in 20-ml beakers with shaking (Dubnoff 
shaker) for 2 hours with 37 mg of glycine, 146 mg of sodium 
citrate -2H.O, 50 mg of MgCl.-2H.0, 0.25 mg of pyridoxal 5’- 
phosphate -H.O, 1 mg of coenzyme A, 1 mg of DPN -4H,0, 1 
mg of a-lipoic acid, 1.7 mg of glutamine, and sufficient buffer 
to bring the total volume to 6 ml. MgCl, (10), coenzyme A 
(10, 11), pyridoxal 5’-phosphate (10, 11), and lipoic acid (11) 
were found by Laver et al. (10) and by Brown (11) to stimu- 
late AML formation by particles from chicken erythrocytes. 
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Fia. 1 (left). Iron-deficient duck erythrocytes 
Fig. 2 (right). Normal erythrocytes from ducklings 2 weeks of age 


DPN and glutamine were included since Granick (22) found 
stimulatory effects from these on the formation of PROTO 
from glycine in chicken erythrocyte hemolysates. Pyridoxal 
5’-phosphate and a-lipoic acid were stimulatory in our prepara- 
tions. Omission of DPN, coenzyme A, or glutamine with or 
without inosine was without significant effect on the forma- 
tion of AML. Addition of 0.4 mg of thiamine pyrophosphate 
did not enhance AML synthesis. The use of 37 mg of gly- 
cine and 146 mg of sodium citrate per vessel represent nearly 
3 times the concentrations used by Brown (6) with prepara- 
tions from chicken erythrocytes. These increased amounts of 
substrates yielded more AML. 

The reaction was stopped by the addition of 2.5 ml of 20% 
trichloracetic acid, and AML was determined colorimetrically 
after condensation with acetylacetone (23) as modified by Gib- 
son et al. (24). 


RESULTS 


Tron Defictency—The blood from iron-deficient ducklings con- 
tained more immature cells than the blood from control duck- 
lings of the same age (2 weeks). This is in agreement with 
the results reported by Smith and Medlicott (25) in rats. The 
nucleus of an immature duck cell is rather large and diffuse, 
and the cytoplasm takes up the blue stain. Red cells from 
iron-deficient ducklings were smaller and sometimes poorly 
shaped; some cells demonstrated poor staining qualities, and 
‘aused difficulty in making accurate counts (Fig. 1). The cells 
in Fig. 2 represent normal blood. The hearts of the deficient 


ducklings were dilated and enlarged, weighing about 60°, more 
than the controls (1.18 g and 0.74 g per 100 g of body weight, 
respectively). 

Control and iron-deficient blood values usually were as fol- 
lows: hemoglobin, 10 to 11.5 and 4.0 to 5.5%, respectively; 
reticulocyte counts, 7 to 12 and 13 to 20%, respectively; total 
erythrocytes, 1.8 to 2.2 « 10° and 1.4 to 1.8 x 10° cells per 
mm’, respectively; and hematocrits 28 to 34 and 18 to 22%, 
respectively. 

In 6 different iron-deficiency experiments, 2 ml of control 
whole blood (9.9% hemoglobin and 7.4% reticulocytes) incor-— 
porated 136 mumoles of glycine into heme per 2 hours. The 
addition of 7 yg of ferrous iron per ml stimulated this to 
166. Deficient blood (3.4% hemoglobin and 15% reticulocytes) 
incorporated 63 myumoles of glycine. Addition of iron stimu- 
lated this to 259 or approximately 4-fold. Thus the iron- 
deficient cells contained the enzymic machinery for making 
relatively large amounts of heme from glycine, but were un- 
able to do so until iron was added. 

Effect of Iron Deficiency on Synthesis of Porphyrins and Heme 
from Glycine and AML—If iron were needed solely as a sub- 
strate for the formation of heme from PROTO, an accumula- 
tion of PROTO might be expected in the iron-deficient cells 
incubated with glycine. Large amounts of PROTO (but little 
heme) can and do accumulate when normal red cell hemolysates 
are incubated with AML. Iron-deficient cells (or hemolysates) 
were therefore incubated with glycine or AML as substrate, 
and the amounts of free porphyrins as well as heme were de- 
termined. The results are given in Table I. 
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Synthesis of porphyrins and heme from glycine and 6-aminolevulinic acid in iron-deficient blood 
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Experiment 1° Experiment 2 
Blood Substrate Fe il 
URO COPRO PROTO Heme PROTO Heme 
mpmoles/10 ml/2 hrs 
Iron deficient’ 
Whole blood........ Glycine _ ad - 9 28 6 31 
Whole blood........ Glycine + - - 6 179 3 210 
Whole blood........ AML 56 45 
Whole blood........ AML + - - 24 92 
Hemolysate......... Glycine _ 0.8 2 
Hemolysate........ Glycine + 0.2 4 
Hemolysate........ AML _ 184 34 834 16 936 11 
Hemolysate. . AML + 13 28 498 344 559 300 
Control 

Whole blood........ Glycine _ - - 72 130 25 125 
Whole blood........ Glycine + _ - 42 165 17 150 
Whole blood........ AML 96 77 
Whole blood........ AML + - - 49 80 
Hemolysate........ Glycine _ 6 20 
Hemolysate....... Glycine + 4 40 
Hemolysate........ AML — 3 24 786 41 926° 42 
Hemolysate........ AML + 3 19 594 313 604 320 


« In Experiment 1, 12 wmoles of AML were incubated instead of the usual 120 wmoles per 12 ml. 
’ Red blood cell data on the Fe-deficient and control bloods, respectively, were as follows: Experiment 1: hemoglobin, 4.3 and 11.2%; 


hematocrit, 18 and 34; immature red cell count, 15 and 10%; and total red cell count, 1.34 K 10® and 1.61 X 106 per mm. 


Experi- 


ment 2: hemoglobin, 4.0 and 12.0; immature red cell count, 22 and 10. 

¢ A dash means the values were two small to be measured. No measurements were made when there are blank spaces. 

4 Unincubated Fe-deficient and control bloods contained 13 and 20 mumoles of PROTO, respectively. Neither contained measurable 
amounts of URO and only control blood contained a measurable amount (10 mymoles) of COPRO. These were subtracted from the 
total values found with incubated substrates so that the figures in the table represent net synthesis. 


TABLE II 


Effect of preincubation of iron-deficient whole blood* with iron on 
protoporphyrin and heme synthesis from glycine 


PROTO Heme 
Preincubation 
time 

—Fe | +Fe? | +Fe 

min mymoles/10 ml of blood/2 hrs 
0 12 6 30 260 
30 14 10 24 275 
60 14 34 20 305 
90 15 47 18 320 
120 17 68 16 324 


@ Hemoglobin, 5.7%; reticulocyte count, 19%. 
»’ Ten wg Fe per ml as ferrous ammonium sulfate. 


The amounts of URO and COPRO formed by control or 
iron-deficient bloods were so small that they could be ignored 
in the interpretation of the results. Low, rather than high, 
Jevels of PROTO were formed from glycine by the iron-de- 
ficient blood. The yields of both heme and PROTO were re- 
duced to one-fourth or less of the control values. The ad- 
dition in vitro of iron to the deficient cells restored heme 
synthesis, but for some unknown reason resulted in even 
lower free PROTO values. However, the synthesis of PROTO 
could be restored to control levels by preincubating the iron-de- 


ficient blood with iron in vitro (no glycine) and then incubat- 
ing the treated cells with glycine in the usual manner. Such 
an experiment is shown in Table II, the results of which suggest 
that iron hasa function in the synthesis of PROTO from glycine; 
however, the cells needed to be exposed to the iron for at least 
60 minutes before a stimulatory effect was observed. 

There was no effect of iron deficiency on the amounts of 
PROTO formed from AML by red cell hemolysates (Table 1); 
this suggests that iron functions in the biosynthesis of AML from 
glycine rather than somewhere between AML and PROTO. — Al- 
though this is in agreement with similar conclusions by Brown 
(5, 6) it must be recognized that the results obtained with intact 
cells for glycine and with cell hemolysates for AML may not be 
directly comparable. Both systems can be compared directly 
in whole blood or hemolysates in Table I, and such comparisons 
support the previous conclusions except that iron deficiency 
causes some decrease in PROTO formation from AML as well as 
from glycine when intact cells are used. The results clearly 
demonstrate that: (a) iron-deficient intact cells make _ less 
PROTO as well as heme from glycine particularly, and (6) the 
cell-free system which converts AML to PROTO is not affected 
by an iron deficiency. 

Effect of Iron Deficiency on Synthesis of AML in Insoluble Parti- 
cles of Red Cell Hemolysates—A possible role for iron in the con- 
version of glycine to AML was studied directly by measuring 
AML formation in particulate preparations of red cell hemoly- 
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sates obtained from iron-deficient ducklings. Brown (5) previ- 
ously reported that the addition in vitro of ferrous iron inhibited 
the formation of AML by fresh particulate preparations from 
normal chicken erythrocytes; however, the activity of his aged 
preparations which had fallen in 2 and 3 days to 17 and 14% of 
their initial level, was again raised to 22 and 29% by the addition 
in vitro of ferrousions. He suggested that iron might be involved 
in stabilizing a Schiff’s base formed between glycine and pyri- 
doxal 5’-phosphate. 

The results of these studies are given in Table III. In some 
experiments (Experiments 1, 2, 6, 7, 8) the amount of AML 
formed by the insoluble particles obtained from iron-deficient 
erythrocytes was lower than the amount synthesized by similar 
preparations obtained from control blood. In other experiments 
(3, 4, and 5) the raw data did not demonstrate such an effect. 
However, when the reticulocyte content of the samples were 
taken into account (by dividing the amount of AML synthesized 
by the percentage of reticulocytes in the sample), then the iron- 
deficient preparations consistently formed less AML than the 
corresponding control preparations. Average values for the 8 
experiments were 23.5 and 9.4 mumoles of AML per 1% of re- 
ticulocytes per 4 ml of control and iron-deficient bloods, respec- 
tively. That AML synthesis takes place in reticulocytes is sup- 
ported by the observation that AML synthesis nearly parallels 
the reticulocyte count (see following section). In this connec- 
tion, Laver et al. (10) found that preparations made from normal 
chicken red cells were much less active than those made from 
reticulocytes produced by the administration of phenylhydrazine. 

Since the addition of iron to whole blood stimulated the incor- 
poration of glycine into heme, it might be anticipated that AML 
synthesis by iron-deficient cell preparations would also be stimu- 
lated by the addition of iron in vitro. Such an effect was not 
demonstrated directly. However, particulate fractions derived 
from cells which were preincubated in the absence of iron lost 
activity, whereas those which were preincubated in the presence 
of iron retained activity (Table IV). After 1 hour of incubation, 
the latter were 2 to 3 times as active as the former and also some- 
what more active than the nonpreincubated samples. In 3 other 
experiments not shown in the table, 6.6 and 6.1 (iron added) ug 
of AML per 4 ml of blood per 1% of reticulocytes were formed 
by particulate fractions obtained from cells which were not pre- 
incubated. After preincubation for 60 minutes the values were 
5.1 and 10.9 (iron added), respectively. Control cells responded 
differently in as much as the preincubation with iron did not 
prevent the loss of activity which resulted from the incubation 
per se. So the added iron at least prevented the loss of activity 
for AML synthesis when the deficient cells were preincubated 
before preparation of the fractions, and may even have stimu- 
lated the activity. Since iron did not stabilize the control blood 
activity, it is possible that the values obtained after 60 minutes 
of incubation with iron resulted from a combination of a stimu- 
latory effect by the iron and a loss of activity from incubation 
per se. This, too, could explain the relatively small differences 
in AML synthesis between the nonincubated samples and those 
preincubated with iron for 60 minutes (Experiment 1, Table 1V) 
as well as the large differences in AML formation between the 
samples preincubated with and without iron for 60 minutes. 

Since iron stimulates aconitase activity (26, 27), the effect of 
iron was tested with isocitrate replacing citrate as the source of 
succinyl coenzyme A. Iron stimulated AML synthesis both 
with this substrate and with citrate (Experiment 2, Table IV); 
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| TaBLeE III 
Effect of iron deficiency on 6-aminolevulinic acid synthesis in 
insoluble fractions of erythrocyte hemolysates 
Control Iron deficient 
AML 
ment | Reticulo- | AML/4 ml | {ML/4 ml | Reticulo- | AML/4 mi | 4ML/4 ml 
cytes blood cytes blood 
% mmoles % mumoles 
1 10 247 24.7 22 54 2.4 
2 10 264 26.4 22 208 9.5 
3 7 248 35.4 15 244 16.3 
4 5 176 35.2 10 192 19.2 
5 9 236 26.2 20 300 15.0 
62 15 156 10.4 20 44 2.2 
74 10 104 10.4 15 52 3.5 
8 6 117 19.5 9 66 7.3 
Avg. 9 193 23.5 17 145 9.4 


@ In the last 3 experiments 12 mg of glycine and 49 mg of citrate 
were used. 


TABLE 


Effect of preincubation (37°) of tron-deficient whole blood with 
ferrous iron on 5-aminolevulinic acid synthesis activity 
of insoluble particles 


AML/4ml blood/1% reticulocytes 
Blood a (11 as Experiment 1 Experiment 2 
Citrate Citrate Isocitrate® 
min m es/4 ml blood/2 hrs 

Iron 0 _ 8.2 12.7 7.6 

deficient” 0 + 12.0 13.1 8.0 
30 _ 9.3 
30 + 11.8 

60 _ 5.5 9.5 8.0 

60 + 14.7 27.4 26.2 
90 _ 4.2 
90 + 13.5 
120 4.0 
120 + 12.8 
Control¢ 0 25.4 
0 + 22.8 
60 _ 17.2 
60 + 15.9 
120 _ 12.0 
120 + 9.9 


*p-Isocitrate was substituted for citrate which was routinely 
used in all other incubations. 

>’ Experiment 1: Hemoglobin, 8.7%; reticulocyte count, 19%. 
Experiment 2: Hemoglobin, 5.0%; reticulocyte count, 18%. 

¢ Hemoglobin, 11.5%; reticulocyte count, 9.3%. 


this indicates that the iron had some effect other than the simple 
restoration of aconitase activity in the iron-deficient blood. 

Iron was not stimulatory but slightly inhibitory when added 
directly to the particulate fractions. An insoluble preparation 
from 4 ml of iron-deficient blood formed 168, 168, 168, 152, and 
136 mumoles of AML after the addition of 0, 1, 4, 20, and 40 ug 
of iron per ml, respectively. 


The addition of either iron-defi- 
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cient or control plasma did not enhance the effectiveness of iron. 
In fact the addition of 1 ml of plasma actually inhibited the for- 
mation of AML by more than 50%. This was probably due to 
the presence of protein since a boiled plasma extract was without 
effect. Ferrous ascorbate produced a 31% inhibition. Because 
of the possibility that the presence of citrate and phosphate made 
the added iron unavailable, succinate and ATP were substituted 
for citrate and Tris buffer was substituted for the phosphate. 
However, under these conditions much less AML was formed 
(28 mumoles as compared to 180 myumoles for the particles in- 
cubated in the usual phosphate-citrate medium), and the addi- 
tion of iron had no effect. Preincubation of the particulate frac- 
tions with iron did not induce the same effect as preincubation 
of the whole blood. A fraction which formed 160 ug of AML, 
formed only 64 ug after it was preincubated with iron in isotonic 
KCl and 68 wg when preincubated without added iron. To test 
the importance of the intact cell for the effectiveness of iron, red 
cells, hemolyzed by replacing the plasma with cold water, were 
preincubated with and without iron, and then fractionated. The 
fractions from these preparations formed only 80 mumoles of 
AML (compared with 180 when the sample was not preincu- 
bated) whether iron was added or not. These results indicated 
that the iron-deficient system for synthesizing AML could be 
affected by iron only when it was added to the intact cells, but 
not to the isolated system. 

These results clearly demonstrate an effect of iron on the bio- 
synthesis of AML. The effect of preincubating iron-deficient 
cells with iron may be due to one of the following possibilities: 
(a) The enzyme system (including apoenzyme) needed for the 
biosynthesis of AML may be decreased in the iron-deficient cells, 
and the preincubation period with iron may stabilize or induce 
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Fic. 3. Effect of reticulocytes on the synthesis of 6-amino- 
levulinie acid, PROTO, and heme. For Lines 1 and 2, hemoly- 
sates of erythrocytes with different reticulocyte counts were 
incubated with 4-aminolevulinic acid-2,3-C™ and the PROTO 
and heme were separated and measured on the same samples 
of incubation mixtures. Synthesis of 5-aminolevulinic acid from 
glycine (Line 3) was measured in the insoluble particulate frac- 
tion prepared from erythrocyte hemolysates. Line 4, showing 
the conversion of glycine-2-C'* to heme by whole blood, was 
reported previously (13). 


Heme Synthesis 


Vol. 235, No. 6 


the formation of the enzyme, or (b) the inorganic iron must be 
converted to some organic-complex form before it can participate 
as a cofactor in AML biosynthesis, and that preincubation of 
the intact cell, but not the particles, supplies this form of iron. 

Relation of AML, Porphyrin, and Heme Synthesis to Reticulo- 
cyte Concentration—Washed red cells of blood, pooled from duck- 
lings 8 days old, were suspended in 28% albumin, as described 
by Allison and Burn (28), and centrifuged at 1500 r.p.m. for 10 
minutes. The top third and bottom third portions of the cells 
were separated and suspended in enough 0.9% sodium chloride 
solution to adjust the hemoglobin concentration of each sample 
to 10%. These samples were then processed for AML, PROTO, 
and heme synthesis as described for whole blood. 

It was found that samples containing 13% reticulocytes 
formed only about half as much AML as the samples containing 
25% reticulocytes (150 mumoles of AML versus 275 myumoles). 
This is shown in Line 3, Fig. 3 which represents the average val- 
ues from 2 experiments. Line 4 represents the conversion of 
glycine to heme, which was reported previously to be propor- 
tional to the reticulocyte count (13). The mechanism for con- 
verting glycine to AML appears to be localized within the retic- 
ulocytes. The conversion of AML to PROTO (Line 2) was 
essentially independent of the reticulocytes, whereas heme for- 
mation from AML (Line 1) was only 75% as efficient in the 
sample containing 13% reticulocytes as in the sample contain- 
ing 25%. Since the conversion of AML to PROTO was essen- 
tially the same in the samples containing different concentrations 
of reticulocytes, it is probable that Line 1 actually reflects the 
conversion of PROTO to heme. Apparently, the enzymes 
needed to convert AML to PROTO are present in all red cells, 
whereas the enzymes needed to convert glycine to AML occur 
predominantly if not exclusively in the reticulocytes. The con- 
version of PROTO to heme is faster in reticulocytes, but also 
takes place in other red cells. | Hence a blood sample containing 
few reticulocytes would have little ability to convert glycine to 
either of the intermediates (AML or PROTO) or to the final 
heme. Such a blood sample could make both PROTO and heme 
from AML, but the rate of heme formation from PROTO would 
be less than that observed with a high reticulocyte concentration. 


SUMMARY 


1. The rate of heme synthesis from glycine-2-C™ by the blood 
cells obtained from iron-deficient ducklings was lower than that 
observed with normal ducks. Less, rather than more, free pro- 
toporphyrin accumulated under these conditions. The addition 
of ferrous iron in vitro stimulated the ability of the iron-deficient 
cells to synthesize heme from glycine. 

2. Only small amounts of heme were synthesized from 6-ami- 
nolevulinic acid in hemolysates of either iron-deficient or control 
red cells unless iron was added in vitro. However, much free 
protoporphyrin was formed and the quantities were essentially 
alike in iron-deficient and control samples. Addition of iron in- 
creased the amounts of heme and decreased the amounts of pro- 
toporphyrin. 

3. Less 6-aminolevulinic acid was synthesized from glycine by 
the insoluble particulate fractions prepared from iron-deficient 
red cells than from control cells. Activity was not restored by 
the addition of iror to the fractions. 

4. The above results indicated that iron deficiency had two 
effects on heme synthesis. It decreased the rate of synthesis of 
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§-aminolevulinic acid from glycine and of heme from protopor- 
phyrin. 


5. Preincubation of control cells with or without iron resulted 


in decreased formation of 6-aminolevulinic acid by particles pre- 
pared therefrom. Preincubation of iron-deficient cells without 
iron also resulted in decreased synthesis; however, when the cells 
were preincubated with iron, there was no loss in 6-aminolevu- 
linic acid synthetic activity. 
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Partial purification of enzymes from various sources capable of 
reducing folic acid or dihydrofolate has been reported by several 
authors (1-5). Enzymes capable of reducing folate were ob- 
tained from chicken liver (3) and from Clostridium sticklandit (4) ; 
whereas the former preparation catalyzes the reduction of folate 
and folate-H, to the tetrahydro level, the latter reduces folate to 
folate-H, only. Other enzymes reducing dihydrofolate but not 
folate were obtained from sheep liver (1) and also from chicken 
liver (2). The present paper describes the purification and prop- 
erties of a preparation from chicken liver which converts folate 
to folate-H,. Preliminary studies on the cofactor requirements 
(5) and on the substrate specificity (6) of this enzyme prepara- 
tion have been presented. 


METHODS 


Preparation of Acetone Powder—Fresh chicken liver was homog- 
enized at 2° for 1 minute with an equal weight of 0.1 m phosphate 
buffer of pH 6.6. After centrifugation, 9 volumes of acetone 
(cooled to —30°) were added to the supernatant. The precipi- 
tate was collected by filtration, washed with cold acetone, and 
pressed dry with filter paper. Aqueous extracts of this acetone 
powder were used for the purification of the enzyme. 

Incubation—To assay the enzyme solutions, reaction mixtures 
were incubated with folate at 37° in a Dubnoff metabolic incu- 
bator under an atmosphere of helium. The time of incubation, 
pH, and additions to the medium are reported individually for 
each experiment. 

Preparation of TPNH—TPNH was prepared by reduction of 
TPN with glucose 6-phosphate dehydrogenase (7) both obtained 
from Sigma Chemical Company. Five milliliters of a solution 
containing 10 mg of TPN, 0.02 m MgCl, 0.06 m glucose 6-phos- 
phate, 3.2 Kornberg units (8) of glucose 6-phosphate dehydrogen- 
ase, and 0.01 m glycylglycine buffer (pH 7.5) were incubated at 
room temperature until the absorbancy at 340 my reached a con- 
stant value. After the addition of 0.1 ml of 1 m NaOH, the mix- 
ture was immersed in a boiling water bath for 3 minutes and then 
centrifuged; the final concentration of TPNH in the supernatant 
was determined spectrophotometrically. 

Determination of Folate-H, and Formylfolate-H,—The assay 
procedures for folate-H, and formylfolate-H, were based on the 
following observations. (a) When solutions of folate-H, are ex- 
posed to air, spontaneous decomposition occurs with the forma- 
tion of p-aminobenzoylglutamic acid (9, 10). (6) Folate is 

1 The abbreviations used are: folate, (pteroylglutamic acid) 
folic acid; folate-H:, dihydrofolic acid; folate-H,, tetrahydrofolic 
acid; formylfolate-H, includes here N‘*-formylfolate-H,, N'°-for- 
mylfolate-H,, and anhydroleucovorin. 


stable under such conditions but yields p-aminobenzoylglutamic 
acid upon reduction with zinc in hydrochloric acid (11). (c) 
Formylfolate-H, does not yield p-aminobenzoylglutamic acid, 
even after treatment with zinc.2. p-Aminobenzoylglutamic acid 
was determined by the method of Bratton and Marshall (12). 

After incubation of the reaction mixture with folate, two tests 
were performed: (a) direct determination of p-aminobenzoylglu- 
tamic acid, which indicates, on a molar basis, the amount of 
folate-H, formed, (6) determination of p-aminobenzoylglutamic 
acid after treatment of the solution with zinc, which indicates 
the amount of unreacted folate plus the folate-H, formed. The 
amount of folate present initially minus the result of (6) repre- 
sents the amount of formylfolate-H, formed. To test that all 
folate disappearing which is not accounted for as folate-H, repre- 
sents formylfolate-H,, the following experiment was performed. 
An aliquot of the incubation mixture was diluted with a solution 
of sodium ascorbate and autoclaved. This treatment converts 
all forms of formylfolate-H, to folinic acid (13). The autoclaved 
solution was assayed microbially with Pediococcus cerevisiae. 
The amount of formylfolate-H, determined by this procedure 
was found to be 3.58 x 10-? umole as compared with 3.81 x 
10-? umole calculated from the disappearance of folate. 

Typical determination of the products formed during the incu- 
bation were performed in the following manner. For the de- 
termination of folate-H, alone, the total volume of the incubation 
mixture was 0.5 ml. To stop the reaction 0.1 ml of 5m HCl was 
added and the solution was mixed immediately. The sample 
was then diluted with 0.4 ml of acetone® and the diazotizable 
amine was determined with 0.05 ml of each of the following rea- 
gents: 0.5% sodium nitrite, 2.5% ammonium sulfamate, and 
0.5% N-(1-naphthyl)-ethylenediamine dihydrochloride. After 
centrifugation the intensity of the color was determined in a 
Beckman DU spectrophotometer at 560 mu. 

For the determination of folate-H, and formylfolate-H, on one 
sample, the total volume of the incubation mixture was 5.0 ml. 
After the incubation 1.0 ml of 5 m HCI was added and two sam- 
ples, 0.6 ml and 1.8 ml, were withdrawn. The 0.6 ml aliquot 
was used for the determination of folate-H,. The larger sample 
was shaken with 10 mg of zinc dust for 20 minutes. Acetone 


2S. F. Zakrzewski, unpublished data. 

3 Use of acetone instead of water for dilution of the samples in- 
creased the intensity of the color by about 20%. Since the stand- 
ard curve was quite reproducible within the range of concentrations 
employed here and the intensity of the color was proportional to 
the concentration of p-aminobenzoylglutamic acid, the molar ex- 
tinction coefficient of the colored reaction product could be deter- 
mined. This was found to be 5.5 X 104 at 560 mu. 


1776 


Ju 
(1.2 
tio 
aDO 
con 
afte 
ti0 
(7) 
the 
acl 
1.0 
tio 
of 
of § 
Th 
abs 
ml 
pe 
un 
m 
de 
T 
ins 
ab 
me 
1 
] 
p 
(0). 
H 


June 1960 


(1.2 ml) was added and the solution was clarified by centrifuga- 
tion. The diazotizable amine was determined as described 
above except that 0.15 ml of each of the reagents was used. A 
control incubation mixture to which folate had been added only 
after denaturation of the protein with HCl was handled in the 
same way. 

Determination of TPN—The TPN formed during the incuba- 
tion was determined with glucose 6-phosphate dehydrogenase 
(7). If both TPN and folate-H, were determined on one sample, 
the volume of the incubation mixture was 1.5 ml. This was 
acidified with 0.075 ml of 5 m HCl and divided into 0.5 ml and 
1.0 ml portions. The smaller portion was used for determina- 
tion of folate-H,. The larger portion was mixed with 0.02 ml 
of 1 M MgCle, 0.05 ml of 0.2 m glucose 6-phosphate, and 0.13 ml 
of glycylglycine buffer (660 mg of peptide per 1 ml of 5 m NaOH). 
The final pH of the mixture was 7.5. After centrifugation the 
absorbancy of the supernatant was determined at 340 my, 0.08 
ml of glucose 6-phosphate dehydrogenase (6.4 Kornberg units 
per ml) (8) was added, and absorbancy at 340 my was observed 
until constant readings were obtained (about 10 minutes). The 
molar extinction coefficient for TPNH of 6.22 « 10? was used 


(14). 
RESULTS 


Purification of Enzyme—The extract of the crude acetone pow- 
der was treated with Dowex 1-chloride to remove cofactors. 
This preparation converted folate to folate-H, and formylfolate- 
H,. When the incubation was carried out in a citrate buffer 
instead of phosphate buffer, the yield of folate-H, was consider- 
ably increased, whereas the formation of formylfolate-H, was 


TABLE I 


Separation of folic acid reductase from tetrahydrofolic 
acid-formylating enzymes 
The enzyme solution, 2.6 ml, was incubated for 3 hours in a 
medium containing 4.36 X 10-' m folate, 7.5 X 10-4 m ATP, 5.0 X 
10-* m DPNH or TPNH, 5.0 X 10-4 m sodium ascorbate, 4.0 < 
10-* m sodium formate, 2.0 10°? mM MgClo, and 0.05 m_ phos- 
phate buffer, pH 6.5. The total volume was 5 ml. 


S. F. Zakrzewski 


Formation of 
Ratio: 
folate-H« _ 
Folate-Hs Formylfolate-H« formylfolate-Ha 
mM X 105 mM X 105 
Fraction 
Incubated with | Incubated with Incubated with 
DPNH | TPNH | DPNH;} TPNH DPNH | TPNH 
0.9% NaCl extract..| 1.36 1.70 0.85 
H.O extracts 
1. Crude extract..| 1.47 | 2.07 | 0.88 | 1.59 1.67 | 1.30 
2. Supernatant 
after precipi- 
tation of pro- 
tein at pH 5.5. .| 0.35 | 1.93 | 0.13 | 0.20 2.69 9.80 
3. Supernatant 
after precipi- 
tation of pro- 
tein at pH 4.5. . 1.26 not de- 
tect- 
able 
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reduced. Thus, in order to follow the separation of folic acid 
reductase from enzymes which convert folate-H, to formylfolate- 
Hg, phosphate buffer was used. 

Water extracts of the acetone powder contained less formylat- 
ing activity than those prepared with 0.9% NaCl solution. 
Complete removal of the formylating activity was achieved by 
precipitation of protein at pH 5.5, readjustment of the superna- 
tant to pH 7 and reprecipitation of protein at pH 4.5. The final 
supernatant also was adjusted to pH 7 before assay (Table I). 
As the purification progressed, the reductase reaction became 
more dependent on TPNH than on DPNH. 

The reductase was further purified by fractionation with ace- 
tone. The fraction between 40 and 60% acetone con*:.ined al- 


H:O extract of the acetone powder 87 mg/ml, treated with 
Dowex 1-Cl at pH 8; specific activity 3.38 « 107 


HCl to 
H 5.5, +2° 


| | 


precipitate supernatant readjusted to pH 7; 
(discarded) specific activity 5.53 & 1077 
HCl to 
Pp 4.5, +2° 
supernatant readjusted precipitate 
to pH 7; specific (discarded) 
activity 6.21 X 1077 
acetone —30° to 
supernatant precipitate 
(discarded) 


cetone —30° to 


% 


| 


supernatant precipitate washed 
with acetone 


— 30° and dried 


(discarded) 


extracted with ice 
water 10 mg/ml 


y 


| | 


residue supernatant: specific 
(discarded) activity 2.48 


Fig. 1. Purification of folic acid reductase. Specific activity, 
expressed in moles of folate-H, per liter formed per minute per mg 
of protein, was determined by incubating 0.13 ml of the enzyme 
solutions in the presence of 4.37 XK 107-5 m folate, 4.0 K 10°* mu 
TPNH, and 0.1 mM citrate, pH 5, in a total volume of 0.5 ml for 15 
minutes. Protein was determined spectrophotometrically by the 
method of Kalckar (15). 
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most all of the activity. The complete purification procedure 
of the water extract (summarized in Fig. 1) produced a 7.3-fold 
increase in specific activity which corresponds to an 18-fold puri- 
fication of the enzyme from the supernatant of liver homogenate. 
The purified preparation was quite stable and could be stored 
for many months at —20°. It was completely free from tetra- 
hydrofolic acid formylase and TPNH-regenerating enzymes, but 
contained some TPNH-oxidizing activity. 

Properties of Folic Acid Reductase—For the activity of the 
purified reductase only folate and TPNH were necessary. The 
requirement for TPNH was quite specific and could not be re- 
placed by DPNH, TPN, or DPN (Table II). Due to the pres- 
ence of a TPNH-oxidizing enzyme in the reductase preparation, 
the proportionality between the enzyme concentration and the 
reaction velocity could be demonstrated only at a rather high 
concentration of TPNH (Fig. 2). The optimum rate of the 
reaction occurred about pH 5.0 (Fig. 3). Both phosphate and 
acetate inhibited the reduction of folate, acetate being the more 
inhibitory (Table IIT). 

Stoichiometry of Reaction—As in the case of folate-H,, folate-H, 
also produces p-aminobenzoylglutamic acid on spontaneous oxi- 
dation (10), although not quantitatively. In order to establish 


TABLE II 
Cofactor requirement of folic acid reductase 
Enzyme, 0.13 ml, was incubated for 10 minutes in a medium con- 
taining: 3.2 X 10-4 m cofactors as indicated below, 4.36 * 107-5 
M folate, and 0.1 mM citrate buffer, pH 5.0. The total volume was 
0.5 ml. 


Cofactor Folate-Hs formed 
moles/l/min X 
None 0 
DPN 0.03 
TPN 0 
DPNH 0.06 
TPNH 1.6 
TPNH + DPNH 1.5 
z 
= 
x 
uJ 
a 
= 
¢ 
= 
= 
0.04 0.08 0.12 O16 


ML. ENZYME 


Fic. 2. Rate of the reaction and enzyme concentration. The 
aliquots of the enzyme solution were incubated for 3 minutes in a 
medium containing 4.36 X 10-5 Mm folate, 9.2 X 10°4m TPNH, and 
0.1 mM citrate buffer, pH 5.0. The total volume was 0.5 ml. 
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Fic. 3. Rate of the reaction and pH of the medium. The en- 
zyme solution, 0.13 ml, was incubated in a medium containing 
4.36 X folate, 3.6 X 10-4 m TPNH, and 0.1 citrate buffer. 
The total volume was 0.5 ml. 


TABLE III 
Effect of buffer on reaction velocity 


The enzyme solution, 0.13 ml, was incubated for 15 minutes in 
a medium containing 4.36 X 10-5 m folate, 3.6 X 10-4 m TPNH, 
and 0.1 mM buffer, pH 5.5. The total volume was 0.5 ml. 


Buffer Folate-H« formed 
moles/l/min 106 
Citrate 0.99 
1.02 
Phosphate 0.42 
0.44 
Acetate 0.23 
0.25 


TaBLeE IV 
Stoichiometry of folic acid reductase reaction 


The enzyme solution, 0.39 ml, was incubated in a medium con- 
taining 4.36 X 10-5 om folate, 3.6 X 10-*m TPNH, and 0.1 M citrate 
buffer, pH 5.0. The total volume was 1.5 ml. 


Time of Folate-Hs formed TPN formed* 
folate-H« 
min moles/l/min X 108 
5 3.50 6.96 1.99 
3.50 6.98 1.99 
10 2.52 4.98 1.98 
2.72 5.04 1.85 


* Corrected for the amount of TPN formed in the control ves- 
sel containing enzyme and TPNH but no folate. 
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that folate-H, was actually the product of this enzymatic system, 
both the diazotizable amine and the TPN formed during the 
reaction were measured. Two moles of TPN were formed for 
each mole of folic acid reduced (Table IV), indicating that fo- 
late-H, was the end product and that no folate-Hz accumulated 
during the incubation. By incubating small amounts of folic 
acid with a large excess of TPNH, it could be shown that the 
reaction proceeded to completion and that the amount of p- 
aminobenzoylglutamic acid released was equal, on a molar basis, 
to the initial amount of folate present in the incubation mixture. 


DISCUSSION 


The reduction of folic acid to tetrahydrofolic acid is an essential 
reaction in the biological synthesis of cofactors involved in the 
transfer of ‘‘one-carbon units” (13, 16-20). According to avail- 
able evidence, the enzymatic reduction probably proceeds in two 
sequential steps, each step being carried out by separate enzymes 
(3), H, and E2, as formulated in the equation below. 


Folate folate-H, folate-H, 


Different properties have been reported for enzymes capable of 
acting on either folate or folate-H2 as substrates. The enzyme 
from Clostridium sticklandit (4), which reduces folate to folate-Ho, 
requires coenzyme A and pyruvate but neither TPNH nor DPNH 
isnecessary. This enzyme, unlike folic acid reductase from other 
sources, is not inhibited by aminopterin and may be peculiar to 
certain bacteria. 

The characteristics of the reductase described herein resemble 
closely those reported by Futterman (3). Both these enzymes 
prepared from chicken liver have a specific requirement for 
TPNH and both have optimum activity at pH 5. 

The reduction of folate to folate-H, was inhibited by 4-amino 
analogues of folic acid (3, 5). Similar inhibition could be also 
demonstrated when folate-H2 was used as a substrate (2, 3, 21). 
With the enzyme from chicken liver in the system described 
herein, no oxidation of TPNH to TPN occurred in the presence 
of amethopterin, indicating that the first reaction, reduction of 
folate to folate-He, is also blocked.2 Extracts of Streptococcus 
faecalis 8043 and amethopterin-resistant sublines of this organism 
readily reduce folate to folate-H, or formylfolate-H, (22, 23). 
The folic acid reductase of this organism, unlike that of Clostrid- 
tum (4), resembles the enzyme derived from chicken liver with 
respect to inhibition by aminopterin and its requirement for 
cofactors.” 

Enzymes which reduce folate-Hz but not folate were prepared 
from sheep liver (1) and from chicken liver (2). Optimum ac- 
tivity of these enzymes in the presence of TPNH occurred above 
pH 6. Although the reductase from sheep liver (1) reduced 
folate-H. in the presence of TPNH at pH 5 very inefficiently, 
the reductase described herein reduces folate to the tetrahydro- 
level at pH 5 readily and no accumulation of folate-H2 could be 
detected. Thus, it appears likely that the reduction to the 
dihydro-level is rate limiting. All attempts to resolve the two 
components, EF, and E:2, by fractional precipitation and column 
chromatography on diethylaminoethyl cellulose and carboxy- 
methyl cellulose have been unsuccessful. In contrast to the 
dihydrofolic acid reductase of sheep liver, the reductase described 


S. F. Zakrzewski 


1779 


herein could not be adsorbed on carboxymethy!] cellulose at pH 
5.? 

The different properties that have been described for folic 
acid and dihydrofolic acid reductase preparations from different 
sources imply that, in addition to the enzyme or enzyme system 
which converts folate to folate-H, without accumulation of fo- 
late-H: as an intermediate, a different enzyme is present in the 
tissues which acts specifically on folate-He. 


SUMMARY 


Purification and properties of an enzyme system from chicken 
liver homogenate which reduces folic acid to tetrahydrofolic 
acid are described. Eighteen-fold purification was achieved by 
isoionic precipitation of protein at pH 4.5 and 5.5 and subsequent 
fractionation of the supernatant with acetone. The purified 
enzyme had a specific requirement for reduced triphosphopyri- 
dine nucleotide and optimum activity at pH 5. 

The presently known folic acid and dihydrofolic acid reductases 
are compared and discussed. 


Acknowledgments—The author is indebted to Dr. Charles A. 
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Partial purification and some properties of folic acid reductase 
from chicken liver have been described (1). The over-all reac- 
tion catalyzed by this enzyme can be formulated as follows: 


Folate! + 2 TPNH + 2 H+ — folate-H, + 2 TPNt (1) 


The reduction of folate-H2 by a folic acid reductase from chicken 
liver has been reported (2). A similar enzyme from sheep liver 
was capable of reducing diglutamylfolate as well as pteroylaspar- 
tic acid (3). In the present investigation, the ability of the puri- 
fied folic acid reductase to reduce other folic acid derivatives 
and simple pteridines was studied. Only compounds with such 
6-substituents permitting a common pattern of electron density 
on the pteridine were found to serve as substrates. The possible 
mechanism of action of folic acid reductase is discussed. 


MATERIALS AND METHODS 


N’°-Formylfolate was prepared by direct formylation of folate 
by a modification of the procedure of Wolf et al. (4). Pteridine- 
6-carboxylate was prepared by permanganate oxidation of the 
corresponding aldehyde.? Xanthopterin was purchased from 
Nutritional Biochemicals Corporation. Folic acid and other re- 
lated compounds were supplied by the American Cyanamid Com- 
pany. The purity of all compounds was checked by paper 
chromatography with phosphate buffers of different pH (5) as 
developing solvents. The chromatograms were evaluated by 
observing them under ultraviolet light. If necessary, the com- 
pounds were purified by paper chromatography. 

Determination of Reduction of Substrate—The enzyme prepara- 
tion and analytical procedures used were similar to those de- 
scribed previously (1). The reduction of folate, diglutamylfo- 
late, 9-methylfolate, and pteroic acid was estimated from the 
amount of the diazotizable amine formed by the nonenzymatic 
breakdown of the reduced analogues (6, 7). The reduction of 
all other compounds tested was determined from the amount of 
TPNH oxidized (1) in the course-of the reaction. Close agree- 
ment between these two methods was observed (1). 


* This study was supported in part by a research grant (CY- 
2906) from the National Cancer Institute of the United States 
Public Health Service. 

1The abbreviations used are: folate, (pteroylglutamic acid) 
folic acid; diglutamylfolate, pteroylglutamyl-y-glutamyl-y-glu- 
tamic acid; folate-H,, tetrahydrofolic acid; pteridine-6-aldehyde, 
2-amino-4- pteridine-6-carboxylate, 
2-amino-4-hydroxypteridine-6-carboxylate; 6-methylpteridine, 2- 
amino-4-hydroxy-6-methyl pteridine. 

2S. F. Zakrzewski, unpublished data. 

3 The molar extinction coefficient for TPNH of 6.22 * 10? (8) 
was used throughout, except when the reduction of pteridine-6- 
aldehyde was measured. The absorption of TPNH was found to 
be depressed by the presence of pteridine-6-aldehyde, indicating 
formation of a complex between these compounds. A similar ef- 


Determination of Pteridine-6-aldehyde—Pteridine-6-aldehyde 
was determined either fluorometrically (Farrand fluorometer, 
model A) or spectrophotometrically after conversion to the dini- 
trophenylhydrazone (9). 


RESULTS AND DISCUSSION 


Preliminary Studies—Several folic acid analogues and simple 
pteridines were incubated with TPNH and folic acid reductase, 
As shown in Table I, where the compounds active as substrates 
are listed in order of decreasing activity, several compounds 
closely related in structure were inactive. 

No relationship was observed between the biological activity 
of the compounds and their ability to act as substrates for folic 
acid reductase. A remarkable lack of specificity is apparent 
when substrates as different as diglutamylfolate and pteridine-6- 
aldehyde are compared. On the other hand, a high degree of 
specificity can be seen by comparing 6-methylpteridine which is 
inactive and pteridine-6-aldehyde which is active as a substrate, 
or by comparing N?!°-formylfolate (inactive) and N!°-methylfo- 
late (active). Such differences cannot be explained by any 
simple structural enzyme-substrate relationship. Since all of 
these compounds (Table I) differ only in the type of the substitu- 
ent on carbon 6 of the pteridine ring, it seems feasible that a 
certain type of substitution on carbon 6 may be necessary to 
activate the molecule. 

Mazimal Velocities and Michaelis Constants—The graphic analy- 
sis according to Lineweaver and Burk (10) of the activities of 
some folic acid derivatives and of pteridine-6-aldehyde is pre- 
sented in Fig. 1. The apparent values for the maximal reaction 
velocities and Michaelis constants calculated from these plots 
are summarized in Table II. The reduction of folate to folate- 
H, must proceed in two sequential steps, of which the first, the 
formation of folate-Hz, appears to be the rate limiting reaction 
(1). Thus, the data presented in Table II apply to the first 
reaction rather than to the overall process. The kinetic data 
reported here represent relative values only. Since a two-sub- 
strate reaction is involved, the determination of absolute Kn 
and Vmax Values would require more elaborate studies (11). 

According to the Michaelis and Menten theory (12), the fol- 
lowing relationship exists: 


k 
E+S ES E+P (2) 

| 2 
fect could be demonstrated with folate and TPNH, but the de- 
pression of the absorbancy at 340 my was insignificant. However, 
the absorbancy of TPNH in the TPNH-aldehyde complex was de- 
pressed by 10% at this wave length, and in experiments with pteri- 
dine-6-aldehyde, a molar extinction coefficient for TPNH of 5.6 X 

10? was used. 
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TABLE I 


Analogues of pteroylglutamic acid and simple pteridines tested as 


substrates for folic acid reductase 


S. F. Zakrzewski 


Compound . Structure* Activityt 
CH; 
N.-Methyl folate........| R-CH: N-CsH,-CO-G + 
H 
H 
Diglutamylfolate......... R-CH: N-CsHs-CO-GGG + 
Pteridine-6-aldehyde......| R-CHO + 
H 
Pteroic acid.............. R-CH.2 N-C.H,- COOH + 
CH; CH; 
9,10- Dimethylfolatet R-CH N-C,H,-CO-G 4. 
CH;H 
9-Methylfolate............ R-CH N-C,.H,.-CO-G + 
CHO 
N”-Formylfolate.........| R-CH: N-CsHi-CO-G 
Pteridine-6-carboxylate...| R-COOH we 
6-Methylpteridine........ R-CH; 
Xanthopterin............. R-OH 
OH 
nz 4 
*xR $ and G = glutamic acid. 


5 6 
= lo 
H.N 
+ Each reaction mixture contained 0.26 ml of enzyme which 
was incubated for 20 minutes at 37° with 0.1 m citrate buffer, pH 
5.0,3.2 X 10-4 m TPNH, and-4.36 X 10-5 m substrate in the total 
volume of 1.0 ml; the reaction was stopped by addition of HCl. 
+ = active as substrate; — = inactive as substrate; the com- 
pounds were classified as inactive when no reduction could be 
demonstrated even after extending time of incubation to 40 min- 
utes. 
t9,10-Dimethyl] folate has been found to be active as a sub- 
strate; however, paper chromatography revealed that it was im- 
pure. Because of the difficulties in the purification of this ana- 
logue, no further studies of it were undertaken. 3 


_ 


1 


Vinax = ki XE (4) 


Kn (3) 


Where E = enzyme concentration, S = substrate concentration, 
ES = enzyme-substrate complex concentration, and P = prod- 
uct concentration. If ks is large with respect to ke, the Michaelis 
constant (Km) is proportional to ks and consequently to the 
maximal velocity (Vmax) (Equation 4). If ks is small with re- 
spect to kez, Km represents a dissociation constant of the enzyme- 
substrate complex. As shown in Table II, there was no correla- 
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Fic. 1. Kinetic analysis of the activities of various substrates 
of folic acid reductase. All incubations were carried out with 
equal amounts of the same enzyme preparation in 0.1 M citrate, 
pH 5.0, in the presence of excess TPNH (3.6 X 10-*). The dura- 
tion of the incubation in each experiment was chosen according 
to the velocity of the reaction and varied from 2.5 minutes (N?!°- 
methylfolate) to 15 minutes (9-methylfolate). V, initial velocity 
(moles of product per liter per minute); S, molar concentration of 
substrate at time zero. 


TABLE II 
Mazimal velocities and Michaelis constants for different substrates 
Compound Vmax* Km X 108 
N°-Methyl folate............. 2.9 6.3 
Pteridine-6-aldehydef......... 2.2 48.0 
Pterete 0.9 20.0 
9-Methyl folate............... 0.3 5.2 


* Vmax = moles of product per liter per minute X 10°. 

t Diglutamylfolate behaved in every respect like folate. 

t The maximal reaction velocity and Michaelis constant of 
pteridine-6-aldehyde was calculated on the basis that only 1 
mole of TPNH was oxidized per mole of the aldehyde reduced (see 
Table III). 


tion between the maximal velocities and Michaelis constants. 
Thus, these Michaelis constants appear to be a true measure of 
the substrate affinity. 

Of all compounds tested folate and diglutamylfolate have the 
highest affinity for the enzyme. Although the differences be- 
tween the constants listed in Table II are not very great, the 
omission of glutamic acid from the molecule apparently causes a 
pronounced decrease in the affinity. This indicates that the 
glutamic acid moiety, though not indispensable, may influence 
the binding of the substrate to the enzyme. 

Comparison of the structures and activity of the simple pteri- 
dines (Table I) reveals that the only reducible substrate among 
them is the one (pteridine-6-aldehyde) possessing an electron- 
attracting group, in position 6. The methyl group in 6-methyl- 
pteridine and the hydroxy] in xanthopterin are electron repelling 
whereas the carboxy] group is neutral in this respect. In organic 
solvents or at a very low pH, the carboxy] group is also electron 
attracting since it directs aromatic substitutions into the meta 
position. However, under the conditions used here, 7.e. in 
aqueous solution and at pH 5.0 which is far above the pK value 
(3.9) of the acid (13), the electron-attracting character is com- 
pletely lost due to the dissociation of the proton. 

In the case of active folic acid derivatives, the p-aminobenzoic 
acid group exerts an electron-attracting effect on the pteridine 
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ring due to the positive charge which develops on the amino 
nitrogen atom in resonance with an aromatic ring (Fig. 2). 
The development of the positive charge on an amino nitrogen 
is favored by the presence of an electron-accepting group in the 
para position (Fig. 2). This explains the differences between the 
activities (Table II) of folate, in which the amide group attracts 
electrons weakly, and pteroic acid, in which the carboxylate ion 
is not electron attracting. 

It is probable that at the pH used in these studies, some dis- 
sociation of the proton from position 10 of folate occurs. Thus 
the number of active molecules, 71.e. those carrying a positive 


HC=0: 


Fic. 2A. The resonance contributors of an aromatic amine in- 
dicating the relatively positive nature of the nitrogen atom. B, 
The resonance contributors of an aromatic amine with an electron 
accepting group in para position and its resonance contribution 
to reinforce the positive charge on the nitrogen atom. 


-CH3N= + H 
H 


Fic. 3. Disappearance of the positive charge on the amine 
nitrogen atom caused by the dissociation of the proton. 


8 


On 


on 
oO 


N 
On 


PERCENT OF ALDEHYDE REMAINING 


IS 30 45 60 
TIME MINUTES 


Fic. 4. Rate of reduction of pteridine-6-aldehyde on incuba- 
tion with folic acid reductase. Each incubation mixture con- 
tained 0.05 m citrate buffer (pH 6), 2.4 X 10-3 m glucose 6-phos- 
phate, 2.62 X 10-5 m pteridine-6-aldehyde, 2.5 X 10-5 m TPN, 0.04 
ml of glucose 6-phosphate dehydrogenase (6.4 Kornberg units (14) 
per ml) and 0.13 ml folic acid reductase in a total volume 0.5 ml. 
The reaction was stopped by the addition of 0.5 ml of a solution 
of 2,4-dinitrophenylhydrazine (0.02%) in 2.0m HCl. After heat- 
ing the sample for 5 minutes in a boiling water bath, 0.3 ml of 5 N 
NaOH was added and the optical density at 500 my was deter- 
mined. Controls without TPN were incubated with each sample. 
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charge at position 10 is reduced (Fig. 3). No such dissociation 
can take place in the case of N'°-methylfolate. Accordingly, the 
maximal reaction velocity of N’°-methylfolate is higher than that 
of folate. 

The activity of 9-methylfolate is considerably lower than that 
of folate. In this instance, the additional electron-repelling 
methyl group in the immediate vicinity of the pteridine ring 
counteracts partially the electron-attracting effect of the posi- 
tively charged nitrogen. 

The theory that an electron-attracting substituent in position 
6 of the pteridine ring is necessary for an active substrate fails 
to explain the inactivity of N°-formylfolate. Since the amino 
nitrogen in N?°-formylfolate is expected to be much more posi- 
tive than that in folate, a different effect seems to be responsible 
for the lack of reactivity of this compound. 

Experiments with Pteridine-6G-aldehyde—Reaction mixtures con- 
taining pteridine-6-aldehyde, folic acid reductase, glucose 6- 
phosphate, glucose 6-phosphate dehydrogenase, and a small 
amount of TPN were incubated for 15, 30, 45, and 60 minutes, 
respectively. The amount of aldehyde in each sample was de- 
termined with 2,4-dinitrophenylhydrazine. The results of this 
experiment are presented in Fig. 4. The disappearance of the 
aldehyde was dependent on the presence of the TPNH-regenerat- 
ing system, indicating that the reduction of the aldehyde group 
took place. In order to determine the stoichiometry of this 
reaction, pteridine-6-aldehyde was incubated with TPNH. 
Since an excess of TPNH interferes with the dinitrophenylhy- 
drazine reaction, an aliquot of the incubation mixture was sub- 
jected to paper chromatography and the unchanged aldehyde 
was determined fluorometrically after elution from the paper. 
TPN formed during the reaction was determined directly on 
another aliquot. The data presented in Table III indicate that 


TaBLeE III 
Stoichiometry of reduction of pteridine-6-aldehyde 


The reaction mixture contained 0.39 ml of the enzyme solution 
which was incubated at 37° with approximately 4 X 10-5 Mm pteri- 
dine-6-aldehyde, 3.6 X 10-4 m TPNH, and 0.1 M citrate buffer, 
pH 5.0 (total volume, 1.5 ml). Since solutions of pteridine-6- 
aldehyde are rather unstable, the exact concentration of the 
aldehyde was determined for each experiment by dinitropheny]- 
hydrazine reaction (9). After incubation for 20 minutes, the 
reaction was stopped by the addition of 0.075 ml of 5 nN HCI. 
One milliliter was used for determination of TPN (1), and 0.08 
ml was chromatographed on Whatman No. 3 paper in 0.1 m Naz: 
HPO, solution. The fluorescing spot representing the unchanged 
aldehyde (Rp 0.39) was eluted with 2 ml of 0.001 m NaOH and the 
fluorescence of this solution was determined. A control sample 
to which the aldehyde was added only after arresting the reaction 
with HCl was chromatographed in the same way for use as a 
fluorometric standard. The fluorometric readings were corrected 
for the fluorescence of a ‘‘blank’’ prepared by eluting a segment 
of paper from the margin of the chromatogram. 


Experiment No. TPN formed | Aldehyde reduced TPN formed 
Aldehyde reduced 
moles/|/min XK 107 
1 9.35 9.80 0.96 
2 7.65 7.40 1.03 
3 5.00 4.50 1.11 
4 7.06 5.95 1.18 
5 6.36 8.16 0.78 
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only 1 mole of TPNH is oxidized for each mole of aldehyde re- 
duced. 

Postulated Mechanism of Reduction of Folic Acid—The mecha- 
nism of hydrogen transfer from phosphopyridine nucleotides has 
been elucidated by many investigators (15). It is known that 
one of the 2 hydrogen atoms taken up by an acceptor is derived 
from position 4 of the nicotinamide moiety whereas the other is 
derived from the medium in the form of a proton; in addition, 1 
electron from the pyridine ring nitrogen is released. Since it is 
reasonable to assume that an electron-attracting substituent will 
have a similar effect on the pteridine ring as it has on a benzene 
ring, the positively charged 10-nitrogen in the molecule of folate 
should create a center of high electron density at carbon 6 and 
centers of low electron density on nitrogen 5 and carbon 7. 
Thus, in the reduction of folate to folate-H, (Fig. 5), it can be 
expected that protons will be attracted to the sites of relatively 
high electron density, that is, to positions 6 and 8, whereas elec- 
trons will be attracted to positions of low electron density, 5 and 
7. After positions 5 and 7 have been saturated with electrons, 
they are now capable of accepting hydrogens from the nicotin- 
amide moiety of TPNH. 

The fact that the reduction of pteridine-6-aldehyde differs from 
that of folic acid does not detract from the above theory, but 
rather substantiates it. Fig. 6 indicates the expected distribu- 
tion of electrons in pteridine-6-aldehyde. Resonance of the 
carbonyl group with the pyrazine ring creates a negative charge 
on the carbonyl oxygen instead of on carbon 6, as in the case of 
folate. This charge is not only much stronger than in folate but 
is also much more exposed to the attack of a proton. Thus, it 
may be expected that the first proton will be attached to the 
carbonyl group. The hydroxyl group thus formed is no longer 
electron attracting and consequently no further reduction can 
take place. 

Biological Implications—N?°-Formylfolate can replace folate as 
a growth factor for microorganisms Streptococcus faecalis and 
Lactobacillus casei (16) and for cultures of mammalian cells such 
as mouse sarcoma 180.4 The fact that it is not reduced by folic 
acid reductase of chicken liver implies either that deformylation 
must take place before the reduction occurs or that another 
reductase specific for N}°-formy!folate is present in the cells. 

N’°-Methylfolate is an effective antagonist of folate (17); in- 
hibition of growth, however, in microorganisms and animals can 
be readily overcome by folate (18). The results presented here 
indicate that the reduction of folate to folate-H, may be inhibited 
by competition with N!°-methylfolate for the enzyme. Since the 
affinities of both compounds to the enzyme are about the same, 
the antagonistic effect of N!°-methylfolate is not very strong and 
can be easily reversed by folate. 


SUMMARY 


Some folic acid analogues and simple pteridines were tested as 
substrates of a reduced triphosphopyridine nucleotide-dependent 
folic acid reductase from chicken liver. The biological activities 
and the reducibility of the compounds tested were not directly 
related. Folic acid, as well as pteridine-6-aldehyde, were active 
as substrates for the enzyme. The 9- and 10-methylated deriva- 
tives of folic acid, which also are substrates and act as antimetab- 
olites of folic acid in biological systems, would appear to exert 


4M. T. Hakala, unpublished data. 
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Fic. 5. Postulated mechanism of the reduction of folic acid. 


_Fia. 6. The resonance contributors of pteridine-6-aldehyde in- 
dicating the electronic distribution and localization of charges. 


their inhibitory effects by competing with the vitamin for reduc- 
tion. 

_Of the active compounds tested, folate and diglutamylfolate 
had the greatest affinity for the enzyme. Decreased affinity 
was particularly pronounced with compounds which lacked the 
glutamic acid residue. 

The comparison of maximal reaction velocities and structures 
of the substrates indicates that an electron-attracting group at- 
tached at position 6 of the pteridine seems to be an essential 
feature of the structure of active substrates. On the basis of 
these observations, a possible mechanism for the enzymatic re- 
duction of folic acid is suggested. 
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Numerous reports have appeared on the specific behavior of 
substrates and inhibitors toward cholinesterases (1, 2). There 
exists considerable controversy with respect to the nature of 
the active sites of these enzymes (3). Primary attention has 
been paid to structure-activity relationships between inhibitor 
and enzyme (4-6) with Jess consideration given to comparable 
enzyme-substrate problems. The authors have recently pre- 
pared a series of indophenyl esters (7) which are useful for 
the estimation of cholinesterase activity. These substituted 
indopheny] esters provide an opportunity to investigate the ef- 
fects of subtle structural changes in these substrates on their 
hydrolyzability by the cholinesterases. In this regard, nuclear 
magnetic resonance spectra have facilitated the determination 
of steric configurations of these compounds. Moreover, altera- 
tions in the acyl function of the ester may be studied along 
with the variously substituted indopheny] groups. 

There are indications that noncoplanarity and twist in the 
2 ,6-dihalogenoindopheny] esters account for loss of activity with 
acetylcholinesterase but do not affect the activity of nonspe- 
cific cholinesterase. Also, introduction of halogen substituents 
in the indopheny] moiety ortho to the ester function does not 
markedly reduce the activity of these substrates with respect 
to the nonspecific cholinesterase but does inhibit hydrolysis by 
acetylcholinesterase. The butyrate esters of variously substi- 
tuted indophenols are hydrolyzed very rapidly by the nonspe- 
cific cholinesterase. 


EXPERIMENTAL 


Substrates—The substituted indopheny] esters used in these 
studies shown in Table I were prepared by the method of Kra- 
mer et al. (7). 

The compounds were dissolved in peroxide free dioxane (8) 
to obtain a 2 X 10-* m stock solution. 

Enzymes—Bovine erythrocyte acetylcholinesterase, obtained 
from Winthrop Laboratories, was dissolved in 0.05 m tris(hy- 
droxymethyl)aminomethane buffer (pH 8.5) to obtain an ac- 
tivity of approximately 4.4 umoles per ml per minute (with 
acetylcholine as substrate). The activity was standardized by 
hydrolysis of indophenyl acetate as described by Kramer and 
Gamson (9) such that a 2 X 10-* m solution of the ester was 
hydrolyzed to produce an absorbancy of 0.064 in 15 minutes 
at 23.5°. 

Horse serum cholinesterase obtained from Armour and Com- 
pany was prepared by the Strelitz procedure (10). It had an 
activity of approximately 2.5 umoles per mg per minute (with 
acetylcholine as substrate). The enzyme was aliquoted in Tris 


buffer (pH 8.5) and standardized as above to produce the same 
absorbancy in 15 minutes. 

Alkaline Hydrolyses—Aliquots of the substrates were placed 
in buffer solutions (pH 8.5), thermostated at 45° +0.1°, and 
the absorbancy of the hydrolyzed product determined at 5- 
minute intervals. Substrate concentration was 4 x 10-5 m 
before hydrolysis. A Beckman DU spectrophotometer equipped 
with thermospacers and connected to a constant temperature 
bath was used to obtain the absorbancy values. 

Enzymatic Hydrolyses—The same procedure as above was fol- 
lowed except that a standardized quantity of enzyme was added 
to the buffer before the addition of the substrate. The de- 
terminations were made at 23°. 

Nuclear Magnetic Resonance—The nuclear magnetic resonance 
spectra of IPA; 2,6-dichloro IPA; and 3’,5’-dichloro IPA at 
60 mc were obtained by Varian Associates. CDCl; was used 
as a solvent. 


RESULTS 


Alkaline Hydrolyses—Fig. 1 shows the hydrolytic rates of the 
substrates at 45° and pH 8.5. IPA and its derivatives with 
halogens in positions 3’,5’ (Curves A, C, and F) show linear 
rates whereas the quinoid halogen substituted acetates (Curves 
D and E) are nonlinear with rapid fall-off after about 10 min- 
utes of hydrolysis. The 2,6-dibromo IPB (Curve B) shows slight 
curvature whereas the rate of hydrolysis of the 3’ ,5’-dibromo 
IPB (Curve G), even at pH 10, was markedly slower than the | 
other esters. The initial rates of all of the 2,6 dihalogeno com- 
pounds are almost identical and are only slightly greater than 
the initial rates of IPA and 3’,5’-dichloro IPA. 

Enzymatic Hydrolyses—The enzymatic rates of hydrolysis of 
the esters are shown in Table II. The rate studies were per- 
formed by spectrophotometrically determining the rate of for- 
mation of colored product (9). From the amount of product 
obtained, it was possible to calculate the % of substrate hy- 
drolyzed. 

The only substrate which was hydrolyzed by AcChE was 
IPA. All of the substrates were cleaved by ChE, the butyrate 
being the most readily hydrolyzed. 

Stability of Reagents—No solution instability was noted for 
IPA; 3’,5’-dibromo IPA; 3’ ,5’-dichloro IPA; and 3’ ,5’-dibromo 
IPB which were stable after continued storage for at least 30 
days at 23°. However, it was found that the concentrations 


1The abbreviations used are: IPA, indophenyl acetate; IPB, 
indophenyl butyrate; AcChE, bovine erythrocyte cholinesterase. 
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TABLE 
Indophenyl ester substrates for cholinesterase 
2 3 2 3’ O 
6 6’ 5’ 
Substituent 
Compound 
2 6 3’ 5’ R 
Indopheny] acetate (IPA) CH; 
2,6-dibromo IPA Br | Br CH; 
3’,5’-dibromo IPA Br | Br CH; 
2,6-dichloro IPA Cl | Cl CH; 
3’,5’-dichloro IPA Cl | Cl CH; 
2,6-dibromo IPB Br | Br n-C3H7 
3’,5’-dibromo IPB Br | Br | n-C;H;7 
A. 
38 
o 
e 
>E 
F 
9° 10 40 50 60 


MINUTES 


Fic. 1. Alkaline hydrolysis of 4 K 10-* m indopheny]l esters at 
45°, pH 8.5: Curve A, X ——X, IPA; Curve B, O——D, 2,6-dibromo 
IPB; Curve C, @——®@, 3’,5’-dichloro IPA; Curve D, O——O, 
2,6-dichloro IPA; Curve E, A A, 2,6-dibromo IPA; Curve F, 
A—A, 3’,5’-dibromo IPA; Curve G, 3’,5’-dibromo 
IPB. Curve G was obtained at pH 10. n,° is the initial substrate 
concentration and n, is the concentration of substrate at time ¢. 


TaBLeE IT 
Enzymatic hydrolysis of indophenyl esters 
Tris buffer, pH 8.5 after 15 minutes; 23°. 


Hydrolysis 
Substrate 
Acetylcholinesterase Cholinesterase 
(AcChE) (ChE) 
% % 
Indopheny! acetate 19 17 
(IPA) 
2,6-dibromo IPA 0 53 
3’,5’-dibromo IPA 0 17 
2,6-dichloro IPA 0 39 
3’,5’-dichloro IPA 0 18 
2,6-dibromo IPB 0 64 
3’,5’-dibromo IPB 0 69 
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Fic. 2. Nuclear magnetic resonance spectra of indopheny!] ace- 
tates (IPA) at 60 mc. Tetramethy! silane used as internal ref- 
erence at 0 with respect to observed resonance peaks. 


of solutions of the 2,6-dihalogeno-substituted esters were pro- 
gressively decreasing as determined spectrophotometrically. 

No diminution in the enzymatic activity appeared with either 
enzyme solution when stored at 2° for 5 days. 

Nuclear Magnetic Resonance—The spectra of IPA; 2 ,6-dichloro 
IPA; and 3’,5’-dichloro IPA are given in Fig. 2 and Table 
IIT. 


DISCUSSION 


The nuclear magnetic resonance spectra of the above I[PA’s 
indicate the following: 

a. In IPA and 3’,5’-dichloro IPA there is no interaction be- 
tween the 3,5-quinoid protons and the benzenoid ring and its 
protons. This is shown by equivalence of benzenoid proton 
pairs and of quinoid proton pairs. 

b. In 2,6-dichloro IPA, the appearance of a doublet assigned 
to quinoid protons (3,5 protons) indicates nonequivalence of 
this proton pair due to interaction with the w-bonding system 
of the benzenoid ring. 
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TABLE III 


Summary of nuclear magnetic resonance spectral 
studies of indophenyl esters 


Nuclear magnetic 


resonances* Interpretation 


Compound 


IPA 3 protons) E 
4 protons}; ABCD 


Acetate methyl protons 
Benzenoid protons (2 
equivalent pairs) 


4 protons} LMN | Spin-spin coupling of qui- 
XYZ noid protons (2 equiva- 
lent pairs) 
2,6-dichloro 3 protons E | Acetate methyl protons 
IPA 4 protons) ABCD | Benzenoid protons (2 equiv- 


alent pairs) 
Doublet for quinoid pro- 
tons (2 protons non- 


2 protons PQ 


equivalent) 
3’,5’-dichloro | 3 protons E | Acetate methyl protons 
IPA 2 protons F | 2 Equivalent benzenoid 
protons 
4 protons; LMN | Spin-spin coupling of qui- 
XYZ noid protons (2 equiva- 


lent pairs) 


* Letters refer to peaks in Fig. 2. 


Two structures contributing to the resonance stabilization of 
IPA and 3’,5’-dichloro IPA are as follows: 


X = H, Cl, Br 
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However, the 2,6-dichloro isomer is virtually locked in a con- 
figuration where the quinoid ring is brought into close proximity 
of the benzenoid w-bonding system due to the 3(5) proton in- 
teraction, as shown by molecular models (Fig. 3). This inter- 
action is reflected by increased susceptibility of the imino ni- 
trogen of the 2,6-dichloro IPA to nucleophilic agent attack 
as compared to the other isomers (see below). Moreover, in 
the 2,6-dichloro IPA, the ground state is raised by this inter- 
action, which decreases the energy level distance between the 
ground state and the first excited state of the molecule and 
results in a bathochromic shift in the ultraviolet and visible 
spectra of the 2,6-dichloro IPA as contrasted with IPA and 
3’ ,5’-dichloro isomers (7, 11, 12). 

Reference to Fig. 1 indicates that the initial alkaline hy- 
drolytic rates of the indopheny] esters are in the following order: 
2 ,6-dibromo IPB; 2,6-dichloro IPA; 2,6-dibromo IPA > IPA > 
3’,5’-dichloro IPA > 3’,5’-dibromo IPA > 3’,5’-dibromo 
IPB. Apparently the halogens in position 2,6 in the quinoid 
ring enhance the electron withdrawal from position 4’ (13) which 
is reflected through the phenolic oxygen to the carbonyl] carbon 
of the ester linkage resulting in greater electrophilic character 
of this carbon as indicated below: 


Cl 
\ 
—O—C—CH; 
cI” 


In the case of the 3’,5’-dihalo substituents, the steric effects 
of the bromo substituents outweigh their polar effects to de- 
crease the over-all alkaline hydrolytic rates (cf. Curves C and 
F). 

Fig. 1 also indicates that the alkaline hydrolytic rates of IPA 
and the 3’ ,5’-dihalogeno derivatives follow essentially linear plots 
(Curves A, C, F, G) whereas the corresponding 2 ,6-dihalogeno 
compounds show marked nonlinearity (Curves D, E). The ex- 
ception to this is 2,6-dibromo IPB (Curve B) where only slight 
nonlinearity is observed. Since the rates of hydrolysis were 
determined by measuring the concentration of the indophenyl- 
ate ion as a function of time, it appears likely that in the course 
of the hydrolysis, a fraction of the 2,6-dihalogeno compounds 


Fic. 3. Molecular model of 2,6-dichloro IPA showing noncoplanarity and twist due to interaction of proton on position 3 of the 


quinoid ring with the x-bonding system of the benzenoid ring. 
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Fic. 4. Molecular model of 2,6-dibromo IPB showing interference of butyryl chain with the establishment of interaction of the 3 


quinoid proton with the r-bonding system of the benzenoid ring. 


may have been attacked by the hydroxyl group at the imino 
nitrogen in addition to the esteratic linkage, resulting in a 
diminution in concentration of the colored ionic species (cf. 
Curves D and E). In this connection, Holley (14) has pointed 
out that if for any reason the atoms attached to the nitrogen 
of a simple amide are forced out of the plane of the remainder 
of the amide group, steric inhibition of amide resonance should 
result. A nonplanar amide should have enhanced reactivity. 
This explanation has been given for the reactivity of penicillin 
where the fusion of a 4-membered #-lactam with the 5-mem- 
bered thiazolidine ring forces one of the carbons attached to 
the nitrogen out of the plane of the amide group. Thus, in 
the case of benzyl penicillin there is an increase in the rate 
of alkaline hydrolysis of the amide linkage by a factor of 10° 
to 10°. Similarly, the resonance of the imino nitrogen in the 
2,6-dihalogeno indophenol esters may be considered to be ster- 
ically hindered due to the noncoplanarity of the bond between 
this nitrogen and the benzenoid ring. This apparently does 
not occur with the 3’ ,5’-dihalogeno compounds and only slightly 
with the 2,6-dibromo IPB. Inspection of molecular models of 
the latter compound indicates that the butyryl chain may cause 
an interference with the establishment of the interaction of 
the 3(5) quinoid proton with the m-bonding system of the ben- 
zenoid ring. This is shown by a molecular model of 2,6-di- 
bromo IPB (Fig. 4). 

On the basis of the nuclear magnetic resonance spectra of 
the indopheny] esters, the data in Table I] now may be evalu- 
ated. It can be seen that the only substrate hydrolyzed by 
AcChE is the unsubstituted ester (IPA). This is consistent 
with current theories which postulate cationic (esteratic) and 
anionic sites on the “true”? enzyme (2, 15) which impose severe 
restrictions on the structure of the substrate. Therefore, it is 
not unexpected that the 3’,5’-disubstituted substrates are not 
hydrolyzed by AcChE. This is in contrast to the reported 
activity of AcChE toward acetyl 6-methylcholine and the latter’s 
relative inactivity with horse serum enzyme (16). .The differ- 
ence may be due to the greater steric factors derived from a 
planar phenyl group as opposed to the less rigid aliphatic sub- 
stituted choline as well as the polar nature of the halogen sub- 


stitutents. The 2,6-disubstituted compounds, however, have 
the halogens sufficiently removed from the ester function so 
that the steric and polar effects of the substituents are not 
unfavorable and it would be expected that these substrates 
should be cleaved by AcChE to about the same degree as IPA. 
Due to noncoplanarity and twist of these 2, 6-dihalogeno com- 
pounds (Fig. 3), proper aligament on the surface of AcChE 
is not possible and therefore no reactivity is observed. On the 
other hand, the nonspecific enzyme hydrolyzes all of the sub- 
strates. 

Table II shows that the order of decreasing nonspecific en- 
zymatic hydrolysis of the substrates is: 2,6-dibromo IPA > 
2,6-dichloro IPA > IPA; 3’,5’-dibromo IPA; 3’,5’-dichloro 
IPA. The increased rates of the 2,6-dihalogeno derivatives as 
compared to that of indophenyl acetate may be attributed to 
the inductive withdrawal of electrons by the halogens in the 
quinoid ring, the effects of which are localized at the carbonyl 
carbon of the ester linkage as shown previously. The greater 
electron deficiency residing on the carbonyl carbon induces in- 
creased enzymatic hydrolytic rates (17). Also, Bergmann (2) 
has recently reviewed the evidence for the above mechanism 
ascribing the nucleophilic center in the esteratic site of the 
enzyme to an imidazol nitrogen, the overall reaction being clas- 
sified as a case of general base catalysis. Also, as is expected, 
in accordance with the above reasoning, the inductive effects 
are move pronounced in the 2,6-dibromo IPA as compared to 
the 2,6-dichloro IPA as shown by Hammett’s o values of chloro 
versus bromo substituents (18), the bromo compounds hydro- 
lyzing faster than the corresponding chloro derivatives. 

Rationalization of the similarity of the enzymatic hydrolytic 
rates of IPA and 3’,5’-dihalogeno indopheny] acetates is more 
difficult (Fig. 1 and Table II). Apparently opposing effects 


are operative. On the one hand, the ortho halogen substituents 
in the phenolic ring may be expected to offer a measure of 
steric interference with respect to the formation of the enzyme- 
substrate complex and its subsequent hydrolysis, whereas sol- 
vation stabilization of this complex may be enhanced by way 
Moreover, the in- 


of dipolar effects of the substituents (19). 
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ductive effects of the ortho halogens render the carbonyl] car- 
bon of the ester linkage more susceptible to nucleophilic attack. 

The enzymatic hydrolytic data on the butyrates further elu- 
cidate the relationship between enzyme activity and the struc- 
ture of the substrate. It has been reported (20) that AcChE 
will not hydrolyze butyrylcholine appreciably whereas ChE 
cleaves this substrate 4 times as rapidly as it does acetylcholine. 
The 3’,5’-dibromo IPB likewise is not hydrolyzed by AcChE 
and also is cleaved by the “‘pseudo”’ enzyme more rapidly than 
the corresponding acetate. When molecular models are exam- 
ined, it can be seen that the butyryl group is coiled so that 
atoms in position 6 approach the carbonyl oxygen of the ester 
(Newman’s Rule of Six (21)). Also, there is additional steric 
hindrance to nucleophilic attack due to the di-o-bromo sub- 
stituents. These factors combine to make the molecule more 
stable to alkaline hydrolysis. The butyrate does not have an 
appreciable rate even at pH 10.0 and 45° (Fig. 1, Curve G). 

The rapid enzymatic hydrolysis of the 3’,5’-dibromo IPB 
in contrast to its negligible alkaline hydrolytic rate appears 
to be explicable on the basis of the substrate’s orientation on 
the enzyme template in such a fashion as to allow the various 
dispersion forces attracting the butyryl group as described by 
Bergmann (2) and Whittaker (22) to uncoil and impose upon 
the ester restrictions on its degrees of freedom. These ori- 
entation effects, resulting in increased energy content of the 
molecules may then account for the labilization of the butyryl 
bond and provide an explanation for the increased enzymatic 
hydrolysis of the butyrates as compared to the corresponding 
acetates. This should apply to the choline series as well as 
to’the indopheny] series. It may be considered that these dis- 
persion forces are, in effect, causing specific sorption of the 
substrate molecule at the reactive surface of the enzyme with- 
out the actual establishment of chemical bonds between the 
active site of the enzyme and the labile moiety of the sub- 
strate. Upon solvolysis of the substrate desorption occurs. 
However, additional information must be obtained on the rela- 
tive contributions of k,, k3, and k’, in the modified Michaelis- 
Menten scheme as proposed by Wilson and Cabib (23), before 
final resolution of this problem can be achieved. 


SUMMARY 


The initial alkaline hydrolytic rates of the indopheny] ester 
substrates are in the following order: 2,6-dibromoindopheny]l 
butyrate; 2,6-dichloroindophenyl acetate; 2,6-dibromoindo- 
phenyl acetate > indophenyl acetate > 3’,5’-dichloroindo- 
phenyl acetate > 3’,5’-dibromoindopheny] acetate > 3’,5’- 
dibromoindophenyl butyrate. Acetylcholinesterase hydrolyzes 
only indophenyl acetate whereas the rate of horse serum cho- 
linesterase hydrolysis of the substrates is in the following order: 
3’,5’-dibromoindophenyl butyrate > 2,6-dibromoindopheny] 
butyrate > 2,6-dibromoindophenyl acetate > 2,6-dichloroin- 
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dopheny] acetate > 3’,5’-dichloroindopheny] acetate; 3’,5’- 
dibromoindopheny] acetate ; indopheny] acetate. 

The distortion and noncoplanarity of the 2,6-dichloroindo- 
phenyl acetate as shown by nuclear magnetic resonance spectra 
accounts for its inactivity with respect to bovine erythrocyte 
acetylcholinesterase and the interaction of the 3’,5’-dibro- 
moindopheny! butyrate with horse serum cholinesterase by 
way of dispersion forces results in a rapid enzymatic hydroly- 
sis. The corresponding 2,6-dibromoindopheny] butyrate is en- 
zymatically hydrolyzed at a comparable rate whereas its alka- 
line rate is considerably faster. 


Acknowledgment—We wish to gratefully acknowledge the as- 
sistance of Mr. Harold Klapper of these Laboratories in the 
interpretation of the nuclear magnetic resonance spectra 
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Work in the laboratories of Cohn (la-3) and Boyer (4, 5) 
has shown that intact mitochondria catalyze a rapid oxygen 
exchange reaction between inorganic phosphate and H,0 of the 
medium, which can be followed by use of O as tracer. The 
dependence of the reaction on either oxidative phosphorylation 
or adenosine triphosphate and its sensitivity to 2 ,4-dinitrophe- 
nol have indicated that the oxygen exchange reaction is a re- 
flection of an intermediate step in the coupling between elec- 
tron transport and phosphorylation of adenosine diphosphate. 
The great rapidity of the reaction, in comparison with the rate 
of oxidative phosphorylation and the adenosine triphosphate- 
inorganic orthophosphate exchange, has posed important prob- 
lems regarding its site and mechanism. However, Boyer (4, 5) 
has pointed out that interpretation of the properties of O" ex- 
change is limited by possible enzymatic and morphological ‘“‘com- 
partmentation” of intact mitochondria. 

This communication describes the occurrence and properties 
of the O" exchange reaction of oxidative phosphorylation in 
the phosphorylating digitonin fragments derived from the mem- 
branes of mitochondria (6, 6a). These preparations carry out 
electron transport and coupled phosphorylation, but do not 
catalyze reactions of the Krebs cycle or the fatty acid oxida- 
tion cycle. Such preparations are probably relatively free of 
complicating reactions extraneous to oxidative phosphorylation 
and are less likely to show enzyme or metabolite ‘‘compart- 
mentation” than intact mitochondria. The possible occurrence 
of the O"* exchange reaction has also been examined in soluble 
preparations of the mitochondrial enzyme catalyzing the adeno- 
sine triphosphate-adenosine diphosphate exchange reaction which 
earlier work has associated with the mechanism of oxidative 
phosphorylation (7). 


METHODS 


Phosphorylating digitonin fragments were prepared from rat 
liver mitochondria as described by Devlin and Lehninger (8). 
Incorporation of P-labeled P; into ATP through either oxi- 
dative phosphorylation (6) or the ATP-P;** exchange reaction 
(9) was measured with the procedure of Nielsen and Lehninger 


* Supported by grants from the National Institutes of Health, 
The Nutrition Foundation, Inc., the Whitehall Foundation, and 
the National Science Foundation. The mass spectrometer used 
in this investigation was constructed under Veterans Administra- 
tion Contract V 1001 M-527. A preliminary report of this investi- 
gation has been made (1). 


(10). Inorganic phosphate was determined by the method of 
Gomori (11) and acetoacetate according to Walker (12). 

The general plan of the experiments was to incubate phos- 
phate and other additions with the digitonin enzyme complex 
in a medium containing HO” and to measure incorporation 
of the O¥8 into the phosphate and ATP. Analysis of O'* con- 
tent of samples of inorganic orthophosphate was carried out 
according to Cohn’s earlier method (la) with some modifica- 
tions. The trichloroacetic acid filtrate of the reaction medium 
was first extracted with ethyl ether to remove trichloroacetic 
acid and the phosphate was separated by passing the filtrate 
through a Dowex 1 column in formate form, followed by elu- 
tion of the phosphate with formic acid. After elimination of 
formic acid from the eluates by repeated evaporation, the phos- 
phate solution was adjusted to about pH 4.4 with KOH. Then 
KH.PQ, was precipitated in crystalline form by adding 3 vol- 
umes of acetone. Acetone rather than ethanol was used to 
precipitate KH.PO, because ethanol interferes with mass spec- 
trometric measurements of CO2 samples. 

When nucleotides were present, they were separated from 
the trichloroacetic acid filtrate of the reaction mixture by ad- 
sorption on Norit (13). After it was washed thoroughly to 
remove labeled water and other solutes from the reaction me- 
dium, the Norit was suspended in 5% trichloroacetic acid and 
heated at 100° for 20 minutes. The hydrolyzed orthophosphate 
was isolated chromatographically as described above. 

Crystalline KH2PO, samples isolated by the above proce- 
dures (approximately 300 umoles) were then dehydrated by py- 
rolysis and the H.O formed was equilibrated with CO, (about 
70 umoles) at 120° for 16 hours, by a slight modification of 
the method of Cohn (12). The CO!*0® to CO'® ratio was 
measured in a double beam mass spectrometer (14), which was 
constructed by one of the authors (T. E.). The precision of 
the O assay with samples having less than 0.2 atom % ex- 
cess as in the experiments reported was + 0.003 atom %. For 
convenience in comparing the oxygen exchange activity with 
the ATP-P;® exchange, ATPase, and rate of respiration in molar 
terms, in some of the tables the O enrichment in phosphate 
was calculated in terms of watoms of O'8 exchange. 

Since ATPase activity causes the incorporation of 1 atom 
of water oxygen per mole of hydrolyzed phosphate (3), the 
O'8 incorporation due to ATPase activity in an ATP-activated 
system was substracted from the total observed O' incorpora- 
tion in phosphate to give that due to the P\;-H.O® exchange 
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alone. In the experiments without additions of either Mgt+ 
or DNP, the ATPase activity in a normal system in the pres- 
ence of 0.02 m inorganic phosphate contributes less than 15% 
of the total O"8 incorporation from H.O into 

ATPase activity in the presence of a high initial concen- 
tration of inorganic phosphate was measured as follows. The 
inorganic phosphate pool added at zero time was labeled with 
p®, The specific activity of the inorganic phosphate isolated 
from the reaction mixture at the completion of the incubation 
was determined in quadruplicate. After correction for exchange 
of P? into ATP, the dilution in the phosphate pool due to ATP 
hydrolysis was calculated. However, the precision of this meas- 
urement had no great bearing on the experimental results since 
the magnitude of the ATPase correction was relatively low in 
comparison with the oxygen exchange activity. Some typical 
values of the ATPase activity are shown below. 

Orthoarsenate and orthophosphate were separated on Dowex 
1 columns in formate form and eluted with freshly prepared 
0.2 m formate, adjusted to pH 9.2 with ammonium hydroxide. 
Progress of the separation was followed by measurement of the 
radioactivity of the phosphate (which had been labeled with 
P®) and by determination of arsenate by the method of Reed 
(15). 


RESULTS 


Requirement of Either Respiration or ATP—Data in Experi- 
ment 1, Table I, show that the phosphorylating submitochon- 
drial fragments are capable of catalyzing the incorporation of 
water oxygen atoms into inorganic orthophosphate present in 
the medium during oxidative phosphorylation (designated as 
the P;-H,0" exchange). The conditions of measurement used 
here yield initial rates of incorporation of O% and not equi- 
librium values. It is seen that the rate of the P;-H,O ex- 
change is over 5-fold greater than the rate of phosphate uptake 
during oxidative phosphorylation, confirming earlier observa- 
tions on intact mitochondria (la). 

A complete phosphorylation system is not necessary to demon- 
strate the exchange of oxygen between water and phosphate. 
The exchange reaction can be activated in the absence of added 
respiratory substrates by ATP alone, as is the case in intact 
mitochondria (4), or, in the absence of nucleotides, by oxida- 
tion of a substrate such as 6-hydroxybutyrate as shown in 
Experiment 2 of Table I. There was, however, no detectable 
P;-H,O"* exchange activity in the fresh digitonin enzyme alone 
without addition of either a respiratory substrate or ATP. This 
finding therefore suggests a requirement of a “high energy” 
intermediate for the exchange reaction, which may be gener- 
ated by electron transport alone in the absence of phosphate 
acceptor, or by ATP alone in the absence of respiration. Data 
in Table I, Experiment 2, also show that the rate of the Pj- 
H,O" exchange is some 9 times greater than the rate of the 
ATP-P;® exchange; in intact mitochondria under similar con- 
ditions the P;-H,O"8 exchange is 15 to 20 times faster than the 
ATP-P® exchange (4). 

When the oxidation of 8-hydroxybutyrate is inhibited by 
NaCN, the oxygen exchange activity is abolished (Table II), 
showing that electron transport per se can activate the P;- 
H,0 exchange. Moreover this respiration-generated interme- 
diate cannot be accumulated. In the last vessel in Table II, 
NaCN was added after 5 minutes of respiration had taken 
place and then preincubated for another 5 minutes before 
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TABLE [ 
Requirement of either respiration or ATP for 
phosphate oxygen exchange 

The test system contained 0.02 m inorganic phosphate (labeled 
with P®?, about 3 X 10*c.p.m.), digitonin fragments (4 to 5 mg N), 
in O!8-labeled water of enrichment shown below, in a total volume 
of 30 ml. Incubated at 23° in air for 30 minutes at pH 6.5. Other 
additions are shown. 


Initial O18 O18 gain in taken 
Additions HO Pi gue to Pj-H:018 
| | atoms | mote 
1.29 0.003 6 
0.01 m BOH + 0.0024 m 
1.29 0.061 113 20.8 
0.01 m BOH alone.... ...|} 0.98 0.043 75 
0.006 m ATP alone........ 0.98 0.086 157 17.6 


* P: 2e in this experiment was 1.20. 
8-Hydroxybutyrate. 


TaBLeE II 
Respiration and phosphate oxygen exchange 


The test system contained 0.02 m tris(hydroxymethyl)amino- 
methane buffer (pH 7.4) and 4.5 mg of digitonin enzyme N in 
O'8-labeled water (1.26 atom % excess); 0.02 m phosphate was 


added at zero time (to). The final volume was 30 ml. Incubated 
in air at 23° for 30 minutes. 
Additi P;- 
ition Aceto- 
10 minutes before to 5 minutes before to formed change 
pumoles ry 
0.01 m BOH* None 17.6 | 66 
0.01 m BOH + 0.002 m NaCN None 0.3 2 
0.01 m BOH 0.002 m NaCN 2.8 4 


* 8-Hydroxybutyrate. 


the addition of P;. It is seen that essentially no oxygen ex- 
change ensued. 

Since the P;-H.O" exchange is immediately dependent on - 
either respiration or presence of ATP, which can form “high 
energy” intermediates, the rate of O08 exchange can be expected 
to be dependent on the rate of formation or the concentration 
of such an intermediate. In Table III the effect of ATP con- 
centration on the O8 exchange was measured. The ATP used 
was labeled with P® at the terminal position, in order to de- 
termine the rate of loss of the terminal phosphate by the ATPase 
activity and by the ATP®-P; exchange reaction activity. The 
sum of these two activities (ATPase and ATP®-P; exchange 
can be taken as an approximate measure of the rate of forma- 
tion or concentration of the “‘high energy” intermediate. It 
is seen that the rate of the P;-H.O" exchange reaction increased 
with increasing ATP concentration, parallel to the increase in 
the sum of the ATPase and ATP®-P; exchange, a finding which 
suggests an ATP-dependent common denominator in the three 
reactions. 

Similarly, the experiment in Fig. 1 shows that the rate of 
the P|-H,O" exchange reaction, when activated of 8-hydroxy- 
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III 
Effect of ATP concentration on phosphate ozygen exchange 
The test system contained 0.02 m unlabeled inorganic phos- 
phate, 2.7 mg of digitonin enzyme N in O"*-labeled water (1.30 
atom % excess), in a total volume of 30 ml, incubated at 23° for 
30 minutes at pH 6.5 with ATP® * in concentrations shown. 


P22 in Pit Pj-H20'* exchange 
pmoles patoms 
None 0 
0.0002 m 6.3 33 
0.002 m 15.6 85 
0.01 m 37.2 113 


* The ATP was a gift from Dr. Shinji Ishikawa, with P*? in 
the terminal position of ATP, 360 c.p.m. per umole. 
t Combined result of ATPase and ATP?2-P; exchange reactions. 


H,0'° EXCHA 


ACETOACETATE FORMED 


ond 


HATOMS P.-H,0'® EXCHANGE 
MOLES ACETOACETATE FORMED 


| 
0.01 0.02 0.03 
CONC. BOH M 


Fic. 1. Effect of 6-hydroxybutyrate (BOH) concentration on 
rate of oxygen exchange. The conditions were as described in 


Table I. 


butyrate in the absence of ATP, is related to the rate of oxi- 
dation of 8-hydroxybutyrate to acetoacetate. Data summa- 
rized in Fig. 1 also indicate the molar relationship between the 
rate of the P;-H,O" exchange and the rate of respiration. For 
example, at the lowest concentration of @-hydroxybutyrate 
tested, 2 watoms of oxygen uptake caused some 60 yatoms 
of P;-H,O" exchange, a molar ratio of 30:1. 

Effect of Azide and 2,4-Dinitrophenol—Data in Table IV show 
that azide inhibits the P;-H,O" exchange reaction, in agree- 
ment with the observation of Robertson and Boyer (16) on 
intact mitochondria. It is of importance that azide inhibits 
the exchange when it is activated either by ATP or by res- 
piration. Asis the case with the ATP-P;® exchange reaction 
(9), the oxygen exchange reaction does not require addition 
of Mgt*. 


Phosphate-W ater Oxygen Exchange 


TABLE IV 
Effect of azide and 2, 4-dinitrophenol 
The conditions were as described in Table I. 


Addition Aceto- | 
formed | ©*change 

7 pmoles pmoles |patoms | patoms 
1. 0.001 m BOH*............... 11.2 54 
+ 0.002 m azide............ 10.6 0 
+ 0.001 m Mgtt........... 10.5 | 49 | 284 
+ 0.002 m azide............ 0.1 2 13 

+ 0.002 m azide and 0.001 m 

10-*m DNPT....... 27.8 122 
+5x DNP........ 27.6 2 
10*mDNP........ 19.2 2 
+5x10-*m DNP........ 6.0 31 140 
DNP........ 0.0 0 16 
10*m DNP........ 0.0 0 18 


_ * g-Hydroxybutyrate. 
2,4-Dinitrophenol. 


Experiments 3 and 4 in Table IV show that 5 xX 10-5 m 
2 ,4-dinitrophenol inhibits P;-H,O exchange almost completely, 
in confirmation of the findings of Drysdale and Cohn (8). 
it is significant that inhibition occurred when the P;-H.O* ex- 
change was activated either by respiration or by ATP. How- 
ever, in the range of dinitrophenol concentrations tested, no 
evidence could be found for oxygen exchange resistant to di- 
nitrophenol. 

Labeling of ATP from H-O"%—Table IV also shows that water 
oxygen is incorporated into the labile phosphate groups of ATP 
(designated the ATP-H.O" exchange), simultaneous with incor- 
poration into P;. The incorporation into ATP is inhibited by 
azide and by dinitrophenol to about the same extent as is in- 
corporation of O" into phosphate, suggesting participation of 
a common intermediate. The significance of the relative rates 
of the two O" exchanges is considered below. 

Absence of Oxygen Exchange Actwity in ATP-ADP Exchange 
Reaction—Wadkins and Lehninger (7) have obtained a soluble 
enzyme from the phosphorylating digitonin fragments which 
catalyzes an exchange reaction between ATP and ADP. They 
have summarized evidence for the view that this enzyme car- 
ries out the last step in the respiration-coupled formation of 
ATP. It appeared possible that this enzyme could be capable 
of catalyzing the P;-H,O" exchange, particularly if the ATP- 
ADP exchange reaction involves a phospho-enzyme intermedi- 
ate, as has been suggested (7). In fact Stein and Koshland 
(17) have proposed a mechanism for P;-H,O" exchange based 
on a hydrated pentavalent phospho-intermediate and Cohn (18) 
has suggested a mechanism involving a phosphate-enzyme com- 
plex. In addition Slater (19) has also proposed a mechanism 
for the P;-H.O" exchange which involves an ATP-complex of 
an enzyme in the coupling mechanism. If by one of these, 
or some other mechanism, labeled water oxygen atoms are in- 
troduced into a phospho-intermediate participating in the ATP- 
ADP exchange reaction, then 0" should be incorporated into 
the terminal phosphate of ATP if the ATP-ADP exchange re- 
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TABLE V 


Lack of O'8 exchange during ATP-ADP exchange reaction 
tn soluble enzyme 
The test system contained 0.006 m ATP, 0.001 m ADP, 0.001 m 
MgCl, and the soluble fraction (6) from digitonin fragments 
(0.33 mg of total N) in 30 ml, incubated at pH 6.5 for 30 minutes 
as 23° with additions shown. 


O18 atom 
ATP- % excess 
Labeled component added Other additions |ADP(C") 
exchange 
in Pj |inATP 
pmoles 
ADP (8-C¥) (5 X 105 
H,018(1.1 atom % excess): ..| None 0.001 
0.002 m azide 0.002 
0.02 m P; 0.0000 .000 


* The ATP-ADP exchange activity was kindly assayed by Dr. 
C. L. Wadkins with the procedure reported earlier (6). 


TABLE VI 


Effect of aging 
Digitonin fragments were suspended in water and kept at 2°. 
Aliquots were removed at time intervals indicated to test for 
oxygen exchange activity. The test system contained 0.02 m 
phosphate (labeled with P*?), 0.01 m ATP, and 5.65 mg of N of 
digitonin enzyme in O'8-labeled water (1.31 atom % excess), in a 
total volume of 30 ml, incubated at 23° for 30 minutes at pH 6.5. 


Enzyme aged at 2° ATP-P?2 exchange P;-H:20'8 exchange 
Ars pmoles patoms patoms 
0 23 .6 97 237 
16 4.9 28 93 
44 0.3 7 14 
88 0.0 0 2 


action is allowed to take place in the presence of H,O*. This 
possibility was tested using the soluble ATP-ADP exchange 
enzyme prepared from digitonin fragments as described earlier 
(7). Experiments in Table V show that when this enzyme 
catalyzed 13.2 umoles of ATP-ADP exchange, no exchange be- 
tween the water oxygen atoms and those of either ATP or 
P; could be detected. This finding appears to exclude the ATP- 
ADP exchange enzyme (or at least its soluble furm) as being 
responsible for the phosphate oxygen exchange reaction. 

This conclusion was further supported by the results in Table 
VI, which indicate that the oxygen exchange activities, like 
the ATP-P® exchange are labile on aging at 2°. Boyer et al. 
(4) have reported earlier the lability of oxygen exchange re- 
actions on aging of intact mitochondria. On the other hand 
Wadkins and Lehninger (7) have found that the digitonin frag- 
ments lost only about 10% of the ATP-ADP exchange activ- 
ity after 72 hours of aging at 2°, although the dinitrophenol 
sensitivity of this exchange was completely lost over this period. 
The properties of the phosphate oxygen exchange therefore do 
not correlate with the activity of the ATP-ADP exchange. 

Effect of Arsenate—Arsenate has been shown to uncouple oxi- 
dative phosphorylation, presumably by competing with inor- 
ganic phosphate (13). Data in Table VII show that arsenate 
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TaBLeE VII 
Effect of arsenate 
The conditions were as described in Table I. 


Additions ccetate ATPase | 
pmoles pmoles patoms 
0.01 m BOH + 0.002 o arse- 

0.01 m ATP + 0.002 o arse- 

0.01 m BOH + 0.02 m arse- | . 

0.01 m ATP + 0.02 m arse- 

* 8B-Hydroxybutyrate. 

TaBLeE VIII 


Differential effect of sucrose on activation of oxygen exchange 
The conditions were as described in Table I. 


ATP- 
e 
pmoles pmoles | patoms | patoms 
0.01 m BOH + 0.3 M sucrose....| 22.8 48 
0.01 m ATP + 0.3 mM sucrose.... 0.8 7 30 


* 8-Hydroxybutyrate. 


also inhibits the oxygen exchange reactions. It inhibits equally, 
within experimental error, both the B-hydroxybutyrate-activated 
and the ATP-activated systems, suggesting that its effect is 
either at or very near the site where the phosphate oxygen 
exchange reaction takes place. 

Effect of Sucrose—FEarlier work from this laboratory has shown 
that in 0.3 m sucrose the ATP-P;* exchange is completely sup- © 
pressed (8), whereas the ATP-ADP exchange reaction is not 
affected (20), indicating the site of action of sucrose to be on 
one of the steps in the coupling mechanism before the ATP- 
forming step. By comparing the effect of sucrose on the P;- 
H.O exchange when activated by 6-hydroxybutyrate with its 
effect when exchange is activated by ATP, information may 
be obtained on the relative loci of the action of sucrose and 
of the oxygen exchange reaction in the coupling sequence. Ta- 
ble VIII shows that, in 0.3 m sucrose, the P;-H.O" exchange 
when activated by ATP was reduced to about 15% of the 
normal rate, whereas that activated by 8-hydroxybutyrate was 
only decreased to half. These results support the hypothesis 
that the site of action of sucrose is between the ATP forma- 
tion step and the site of oxygen exchange. 


DISCUSSION 


The experiments on the O"-exchanges in submitochondrial 
fragments reported here confirm a number of observations ale 
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ready made on intact rat liver mitochondria (la—5): (a) the 
rate of the P;-H,O" exchange is extremely rapid, being several 
fold greater than the rate of phosphate uptake during oxida- 
tive phosphorylation and the rate of the ATP-P;* exchange 
reaction; (b) the P;-H,O" exchange is inhibited by dinitrophe- 
nol, azide, and aging of the enzyme preparations; (c) the P;-H,O"” 
exchange is activated by ATP; and (d) the terminal phos- 
phate of ATP also becomes labeled with O"%. Generally speak- 
ing, there appear to be no major differences in the properties 
of the O”* exchange reactions as they occur in intact mitochon- 
dria and in submitochondrial phosphorylating derived from the 
mitochondrial membranes. 

In addition, the submitochondrial preparations have made 
it possible to establish some of the above properties more se- 
curely and to make some new observations on the O"8-exchanges 
which are considered to be of some significance. The present 
experiments establish for the first time that the P;-H,O" ex- 
change may be activated by respiration alone, in the absence 
of ATP. They therefore show that ATP, although able to 
activate the reaction in the absence of respiration, is not itself 
a requirement for the exchange. Therefore both respiration on 
the one hand and ATP, the end product of oxidative phos- 
phorylation on the other, can produce some common reaction 
intermediate necessary for the exchange of O'%. These findings 
thus establish the P;-H,O"* exchange more securely as a property 
of the mechanism of energy coupling in respiration. The ex- 
periments also give some clues as to the stoichiometry and 
stability of the respiration-activated P;-H,O" exchange. As 
many as 30 moles of O exchange may take place per pair 
of electron equivalents transferred from 6-hydroxybutyrate to 
oxygen by the respiratory chain. Furthermore, continuous res- 
piration is necessary for the O" exchange; the postulated high 
energy intermediate required in the O"* exchange generated dur- 
ing respiration must be unstable and cannot be accumulated. 
Such instability of an energy-rich intermediate is consistent 
with present views on respiratory coupling (19-21). Since a 
significantly large rate of respiration in these experiments was 
taking place in the absence of phosphate acceptor such res- 
piration is relatively “loosely-coupled”’ (22), a phenomenon be- 
lieved to be caused by continuous breakdown of some respira- 
tion-generated high energy intermediate which normally is the 
ultimate energy donor in ATP formation. 

A second point of significance established by these experi- 
ments with submitochondrial preparations is that the soluble 
ATP-ADP exchange enzyme obtained from digitonin fragments, 
which is believed to be responsible for the terminal step of 
oxidative phosphorylation (7), does not catalyze detectable in- 
corporation of O8 from H,O" into either P; or ATP under 
circumstances in which it catalyzes a large incorporation of 
ADP into ATP. This finding, together with the fact that the 
ability to catalyze the O"8 exchange is labile to aging, whereas 
the ATP-ADP exchange activity is stable under the same cir- 
cumstances, indicates that the ATP-ADP exchange is not in- 
volved in the P;-H,O" exchange or the ATP-H,O" exchange. 
It is conceivable of course that the separation of the soluble 
ATP-ADP enzyme from the molecular context of the highly 
organized mitochondrial membrane has damaged or rendered 
inactive a reactive site on the enzyme which is capable of im- 
plementing the O"8 exchange. 

Although the experiments reported here do not yield new, 
direct information on the mechanism of the O exchange, they 
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do focus attention on earlier stages in the energy coupling mecha- 
nism, either the point of entry of P; or an earlier stage, as being 
the site of the oxygen exchange, on the basis of the activation 
of the O" exchange by respiration in the absence of ATP and 
by the failure of the ATP-ADP exchange enzyme to catalyze 
O exchange. 

However, there is a major discrepancy which remains to be 
resolved before this view can be accepted without reservation. 
This is afforded by consideration of the relative rates of O% 
incorporation in the P;-H,O" and ATP-H,O® exchanges in the 
submitochondrial preparations. For example, the data in Line 
1, Table VI, on the ATP-P;®?, the ATP-H,O#, and the P\-H.0" 
exchanges may be analyzed from two points of view. First, 
it may be assumed that ATP becomes labeled only because 
the P; introduced into it by way of the ATP-P;*” exchange has 
already become labeled with O in the P;-H,O" exchange (i.e. 
the pathway H.O-—P;—ATP). In the experiment given, 23.6 
umoles of P; from the medium exchanged with the terminal 
phosphate of ATP. The O* in the P; incorporated was about 
118 patoms of O" (average over time tested; initial value, 0; 
final value, 237) per 600 uwmoles of P;, or about 0.197 ywatom 
per umole. Therefore the anticipated amount of O'% in ATP 
would be 23.6 x 0.197 or only 4.7 wmoles. Actually the ob- 
served value was 97, or 20-fold greater than expected. There- 
fore it is evident that much more O” was incorporated into 
ATP than could be accounted for by exchange of P; and H.O# 
alone, as had earlier been found by Cohn and Drysdale (2), 
a fact which led them to suggest that in addition to incorpora- 


tion of O*8 at the point of entry of inorganic phosphate, there ' 


must be a second site of entry of O'8, possibly at the point 
where ADP is taken up. 

On the other hand, treatment of the data on the assump- 
tion that all the O'8 in phosphate is immediately derived from 
labeled ATP (2.e. the pathway HLO-ATP-P;)) yields a much 
less satisfactory or even absurd result. By such a calculation 


the average O" content of the labile P transferred from ATP | 


to the P; pool would be 97/2, or 48.5 umoles per 600 umoles 
of labile P (= 300 umoles of ATP), or 0.081 umoles of O% 
per umole P;. Therefore it would be expected that the inor- 
ganic phosphate would contain 23.6 x 0.081 = 1.9 umoles 
of O08. The experimental result found was 237, or about 125- 
fold the expected value. Actually the route HXO-ATP-P; 
may tentatively be excluded as the major path of entry of 
OQ into P; on the basis of the experimental fact that ATP 
is not necessary for the P;-H,O" exchange and that if ATP 
is present, this route could account for less than 1% of the 
incorporated into P;. 

At the present time only speculations can be offered on the 
mechanism of the apparent “over-labeling” of ATP, which is 
under further investigation. First, it is of course possible that 
another site of O¥ entry may be present in the coupling mecha- 
nism, as Cohn and Drysdale (2) have suggested. Although the 
ATP-ADP exchange reaction does not appear to be the site 
of this secondary point of O"8 entry from the experiments re- 
ported above, it is possible the solubilized enzyme has under- 
gone some damage to its presumably bifunctional active site. 

A second explanation may be “compartmentation,” defined 
in effect as the incomplete or hindered mixing of metabolites, 
intermediates, and enzymes which can be brought about by 
membrane-surrounded morphological structures, as in intact mi- 
tochondria, but also on the molecular level, at the active site 
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of an enzyme. In the latter case ‘“compartmentation” is con- 
ferred by the characteristic kinetics and equilibria of enzyme- 
substrate binding. While the submitochondrial fragments 
appear to be free of the grosser aspects of structural compart- 
mentation, they may of course still provide conditions for com- 
partmentation on more nearly molecular dimensions, which could 
for example permit bound phosphate molecules to acquire a 
higher atom % excess than the ambient phosphate pool and 
use this bound phosphate preferentially in replacing the termi- 
nal phosphate of ATP. Such compartmentation is suggested 
by the finding of Boyer (5) that the O" incorporation pattern 
into intramitochondrial phosphate and nucleotides is rather dif- 
ferent from that of the extra mitochondrial components. 

It may also be suggested that the “over-labeling” of ATP 
may be caused by an O' versus O'* isotopic effect, either on 
the attack of a nucleophile such as ADP on a hypothetical 
ester P—O—X or on the leaving tendency of the group X. 
Although the labeling discrepancy seems larger than can be ac- 
counted for on this basis, it is premature to dismiss it. 

Finally as pointed out by Cohn and Drysdale (2) and in 
more detail by Wadkins and Lehninger (7), the three phos- 
phorylation systems associated with the respiratory chain are 
not necessarily identical with respect to mechanism. There- 
fore the three sites may make qualitatively or quantitatively 
different contributions to the total exchange rates observed. 
Actually, the P;-H,O" and ATP-H,O" exchanges do not nec- 
essarily both occur at each of the three coupling sites; it has 
in fact already been suggested that the ATP-P;® exchange oc- 
curs only at a single phosphorylation site at or near the flavin 


~ moiety of the DPN-linked chain (23). 


SUMMARY 


1. The phosphorylating digitonin fragments from rat liver 
mitochondria can catalyze an exchange reaction between the 
oxygen atoms of inorganic phosphate (P;) and those of water. 
This reaction requires the presence of either adenosine triphos- 
phate (ATP) or the oxidation of a substrate such as 6-hydroxy- 
butyrate. The rate of the P;-H,O"™ exchange is dependent on 
the rate of respiration when activated by 8-hydroxybutyrate 
or on the concentration of ATP in the absence of electron trans- 
port. 
2. In an ATP-activated system P;-H,O" exchange is about 
9 times as fast as ATP-P;® exchange; in a respiration-activated 
system as many as 30 moles of O8§ may be exchanged per pair 
of electron equivalents traversing the chain. 

3. The oxygen exchange reaction is inhibited equally, whether 
activated by respiration or by ATP, by 2,4-dinitrophenol, azide, 
and arsenate. Sucrose on the other hand preferentially sup- 
presses the oxygen exchange activated by ATP. 

4. Incorporation of O'* from HO" of the medium into either 
phosphate or ATP does not occur during the ATP-ADP ex- 
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change reaction as catalyzed by the purified soluble exchange 
enzyme obtained from the digitonin fragments. 

5. Water oxygen is also incorporated into the labile phos- 
phate groups of ATP. However more O# is incorporated from 
H,O* into ATP than can be accounted for by the sequence 
H,0—phosphate—ATP, assuming random pooling of the phos- 
phate. 
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The identification of any enzyme in broken cells as a par- 
ticipant in membrane transport has not been reported. In this 
paper an enzymatic activity has been so identified through a 
demonstration that an unusual constellation of characteristics 
is common to it and to a transport system. Evidence is pre- 
sented that an adenosine triphosphatase in broken human eryth- 
rocyte membranes is a part of the system for the active trans- 
port of sodium and potassium in intact erythrocytes. The 
unusual constellation of characteristics is the following. Both 
the ATPase! activity and transport require sodium and potas- 
sium ions together, not separately; both are inhibited by oua- 
bain; both accept ammonium ion in place of potassium ion; 
and both show a competitive inhibition of potassium ion ac- 
tivation by high concentrations of sodium ion. Furthermore, 
the concentration at which each substance exerts a half-maxi- 
mal effect is the same for both enzyme activity and transport. 

In intact human erythrocytes it is well established that the 
extrusion of sodium ion and accumulation of potassium ion 
proceed by active transport across the cell membrane (1). The 
energy comes from glycolysis, almost certainly by way of the 
high energy phosphate bonds of ATP (2-5). In particular, 
Hoffman? has recently observed that intact membranes con- 
taining ATP, which was introduced by “reversible hemolysis,” 
transport sodium actively whereas control membranes filled 
with inosine triphosphate do not. It is also established that 
the active transports of sodium and potassium occur only to- 
gether, not separately, and are therefore linked (6, 7). Now, 
if the hydrolysis of ATP is stoichiometrically coupled to the 
linked transport of sodium and potassium across the membrane, 
then in broken membranes there will be an ATPase which 
requires both sodium and potassium ions together, not sepa- 
rately, as cofactors. When Skou (8) reported such an ATPase 
in crab nerve, we were stimulated to investigate human eryth- 
rocyte membrane ATPase for features already known to be 
characteristic of active sodium and potassium transport in in- 


* This project was supported by a grant from the United States 
Public Health Service, H-1974 (C3-C4). 

t Public Health Service Research Fellow of the National Heart 
Institute. 

1 The abbreviations used are: ATPase, adenosine triphospha- 
tase, an enzyme or enzyme system which releases inorganic phos- 
phate from ATP; Hb, = hemoglobin (mol. wt. 66,080). The sym- 
bol (Nat + K*) indicates the simultaneous presence or transport 
of sodium and potassium ions. 

? Personal communication and Federation Proc., 19, 127 (1960). 


tact cells. In this paper the preparation of an insoluble ATP- 
cleaving enzyme system from human erythrocyte membranes 
with a purification of 31-fold relative to the original cells is 
described. Part of the enzymatic activity is shown to have 
nine characteristics which are the same as those of active so- 
dium and potassium transport in intact erythrocytes. 

In order to establish better the identification of this ATPase 
two additional experiments on transport in intact cells have 
been performed. These show (a) the concentration at which 
internal sodium ion produces half-maximal activation of trans- 
port and (b) demonstrate a competitive inhibition by external 
sodium ion of the activation of transport produced by exter- 
nal potassium ion. 

A preliminary report of this work has been published (9). 


METHODS 


Transport of Sodium and Potassium in Intact Cells—Sodium 
and potassium transport in intact cells was measured with the 
method reported previously (7) with slight modifications. In 
this method net transport was determined from the changes 
in the cation contents of the cells with time. Cation contents 
were measured by flame photometry and were referred to cell 
Hb measured optically as cyanmethemoglobin. One liter of 
normal cells contains 5 mmoles of Hb. Active transport is 
expressed as the sum of sodium movement outward plus po- 
tassium movement inward. The movements are calculated from 
the differences of relatively large contents so that the larger 
movements of sodium (7) are more precisely determined and 
are weighted more heavily in the final estimate of transport 
rate. Corrections for simultaneous passive transport were made 
by incubating identical cell suspensions with ouabain, 2.5 X 
10-5 m, which stops active transport specifically (10, 11). The 
changes in cell contents during incubation introduced small 
differences in the membrane electrochemical potential gradients 
between the test and control cells. These were neglected. The 
passive permeability of erythrocyte membranes to sodium and 
potassium ions in our experience usually lies between 0.01 and 
0.02 mmole (5 mmoles of Hb)-? hour~'mm~ expressed as the 
ratio of change in rate of net movement to change in external 
concentration. An improved incubation solution which gave a 
more uniform rate of active transport and less passive trans- 
port was used. The solution, pH 7.6, had the following com- 
position: 
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mM 
NaCl + KCl 106 
Choline Cl 40 
K.HPO, 2 
Glycylglycine 10 
Imidazole 10 
Glucose 5.5 
Adenosine 1.5 
Adenine (12) 0.37 


MgCh, 0.13 m, buffered at pH 7 with 1 mm Tris, at room tem- 
perature was used for washing the cells free of incubation solu- 
tion in place of cold choline chloride. 

ATPase Preparation from Broken Cells—Six milliliters of fresh 
or bloodbank red cells were washed at room temperature three 
times with 36 ml of 0.15 m NaCl. All further procedures were 
carried out at 2°. The cells were packed lightly by centrifu- 
gation and the supernatant fluid was discarded. Distilled w2- 
ter, 30 ml, was added by forceful injection from a syringe in 
order to make mixing proceed more rapidly than hemolysis. 
The hemolysate was promptly mixed by inversion and was cen- 
trifuged at 20,000 x g for 20 minutes. The transparent dark 
red supernatant was carefully sucked off and discarded; the 
volume was brought to 40 ml with 5 x 10°‘ m histidine-im- 
idazole buffer adjusted to pH 7.1 with 2.56 x 10-*m HCl. Cen- 
trifugation at 10,000 x g for 10 minutes and resuspension in 
dilute buffer were repeated six or more times until the super- 
natant was colorless. Characteristically there was a small dark 
red button beneath a large volume of fluffy pink precipitate. 
The fluffy pink precipitate, called “ghosts,’”’ was separated by 
decantation. The button was discarded. The ATPase activ- 
ity of the ghosts was increased about 4 times per unit of non- 
hemoglobin dry weight, occasionally with the removal of all 
visible Hb, by the following procedure. To the ghosts were 
added 4 ml of 0.1 m Tris-glycylglycine buffer at pH 8.1. After 
mixing, the suspension was brought to a volume of 40 ml with 
distilled water and was centrifuged at 16,000 x g for 10 min- 
utes. The precipitate was washed about six times by resus- 
pension and centrifugation. Tris-glycylglycine buffer at pH 8, 
36 ml, 5 & 10-4 M, was used each time until the supernatant 
was colorless or until the precipitate would no longer spin down 
completely. The preparation was stored at pH 7. This prep- 
aration was called “enzyme” and was used in all the experi- 
ments except those in Table I where “ghosts” are specified. 
One preparation of enzyme lost half of its activity after 3 weeks 
at 2°. Chloramphenicol and tetracycline -hydrochloride, which 
did not affect the activity, were sometimes added at 100 ug 
per ml each for protection against cold-growing bacteria. 

Measurement of ATPase Actiwity—The system contained 5 
umoles of ATP (Sigma Chemical Company) which had been 
buffered with Tris to pH 7.0 and rendered sodium- and _ potas- 
sium-free by passage over a Dowex 59 cation exchange column 
in the Tris form. Five micromoles of MgCl. were added. The 
buffer was usually imidazole, 100 umoles, and histidine, 100 
umoles, brought to pH 7.1 with 50 uwmoles of HCl. From 0.1 
to 0.5 ml of enzyme preparation was added in accordance with 
its activity. The final volume was 2.5 ml. The samples were 
incubated at 40° for 60 minutes and the reaction was stopped 
by the addition of 1.5 ml of 8% perchloric acid. After fil- 


tration 2 ml were taken for phosphate determination by a modi- 
fication of the method of Fiske and SubbaRow (13). 


There 
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was no detectable inorganic phosphate in the enzyme prepara- 
tion. A control without enzyme was run to correct for non- 
enzymatic breakdown of ATP, which occurred principally in 
the acid molybdate solution and amounted to about 2% of 
the easily hydrolyzable phosphate. The activity was linear with 
time and enzyme concentration, provided that no more than 
12% of the easily hydrolyzable phosphate was released. Cati- 
ons were added as the chlorides. For routine assay of (Nat 
+ K*)-dependent activity the concentration of sodium ion was 
0.080 mM and of potassium ion, 0.033 mM. Activity in a whole 
hemolysate prepared by rapid freezing and thawing was meas- 
ured by the rate of disappearance of charcoal-adsorbable easily 
hydrolyzable phosphate (14). Rapid freezing and thawing has 
not inactivated enzyme. 


RESULTS 


General Properties of ATPase Preparation—The appearance 
under a phase-contrast microscope of intact red cells, “ghosts,”’ 
and “enzyme” is shown in Fig. 1. It can be seen that treat- 
ment of the membranes with dilute buffer at pH 8 broke them 
into small particles. Table I summarizes the properties of 
four preparations of the ATPase. It can be seen that part 
of the activity was dependent on the simultaneous presence 
of sodium and potassium ions and part was not. The table 
shows that fragmentation of the ghosts increased their specific 
activity and increased the fraction of the activity dependent 
on (Nat + 

Both + Kt)-dependent and (Na+ + Kt*)-independent 
components of the enzymatic activity required magnesium. In 
view of the high association constant of Mg-ATP (15) mag- 
nesium and ATP were used in equimolar concentration. The 
half-maximal concentration for Mg-ATP was 0.5 mm for both 
+ K*)-independent and (Nat + K*)-dependent com- 
ponents. Mg-ADP was also hydrolyzed by both components 
but the rate was about one-half that observed with Mg-ATP 
at the same concentration. ‘Two molecules of phosphate were 
released from each molecule of Mg-ATP when dephosphoryla- 
tion was allowed to run to completion. Mg-AMP, Mg-ITP, 
and Mg-PP; were not hydrolyzed. 

Effects of Sodium Ion, Potassium Ion, and Ouabain—Table 
II shows the effects of sodium ion, potassium ion, and ouabain 
in various combinations on the ATPase activity of a prepara- — 
tion of human erythrocyte membranes. It can be seen that 
the addition of sodium or potassium ions separately had no 
effect on a baseline of activity. The presence of both ions 
together produced an 100% activation. The addition of oua- 
bain to this system had no effect except where both sodium 
and potassium ions were present. Here it completely inhibited 
the activation produced by the presence of both sodium and 
potassium ions. 

A detailed study of the influence of sodium ion and _ potas- 
sium ion concentrations on the ATPase activity of a membrane 
preparation is shown in Fig. 2. A constant cation concentra- 
tion of 145 mm was used to simulate the isotonicity required 
in intact cell experiments. Sodium ion and potassium ion con- | 
centrations were altered by exchanging one for the other. Here 
it can be seen that sodium ion activation was half-maximal 
at 24 mM and that potassium ion activation was half-maximal 
at 3 mm. In intact cells half-maximal activation of transport 
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Fia. 1. Phase-microscopic appearance of intact erythrocytes on the left, “ghosts” in the center, and “enzyme” on the right. The 


optical conditions were the same in all three photographs. 


TABLE I 
Purification of four preparations of ATPase 


Fraction Specific activity 
pmoles P;/hr/mg dry weight 
Whole hemolysate......... 0.0126 
(Na* + K*)-inde- | (Nat + K*)-de- 
pendent pendent 
““Ghosts”’ 
Preparation 1........... 0.061 0.029 
0.093 0.026 
“Enzyme”’ 
Preparation 1........... 0.26 0.19 
0.09 0.11 
0.21 0.18 


Total activity | Hemoglobin content 
% whole cell activity | % dry weight 
100 95 
(Nat + Kt)-inde- | (Na*+ + K?*)-de- 
pendent pendent 

23 11 73 

24 10 65 

33 52 

S 2 47 

| 

22 8 | 59 

28 20 7 

25 28 10 

23 1] 19 

19 23 5 

24 21 10 


by external potassium ion in an isotonic (0.15 mM) sodium ion 
solution occurs at 2.1 mm (6, 7, 16). The concentration for 
half-maximal activation of transport by internal sodium ion 
with near-maximal external potassium ion concentration was 
determined in the experiment on intact cells shown in Fig. 3. 
It can be seen that the transport rate was half-maximal at 
a content of (20 mmoles of Na*)/(5 mmoles of Hb). It was 


pointed out previously (7) that in a normal erythrocyte this 
content is in equilibrium with an external concentration of 
approximately 20 mm of Na* in an isotonic solution at pH 
7.4.3. In comparing the effect of a given cell content in intact 


3 This is because the effect of the displacement of intracellular 
water by Hb happens to be compensated by the membrane poten- 
tial. 
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TaBLeE II 
Effect of sodium ion, potassium ion, and ouabain on activity of 
ATPase from erythrocyte membranes 


Cation concentration ATPase activity 
Ouabain concentration 
[Na*] [K*] 
0 1074 u 
mM mM pmoles P;/hr/ml enzyme suspension 
0 0 1.2 1.1 
72 0 1.2 1.1 
0 72 1.1 1.4 
72 72 2.6 1.3 
3.07 —— 3.0 


2.0- / 2.0 
/ MAXIMAL 
MAX 

AT 3 mM OF K* 
[ AT 24 mM OF No 


40 8:0 #0; 10 


SODIUM ION mM POTASSIUM ION mM 


MMOLES Pi/HR/ML OF ENZYME 


40 100 60 20 140 130 
POTASSIUM ION mM SODIUM ION mM 

Fic. 2. The effect of varying sodium and potassium ion concen- 
trations on the adenosine triphosphatase activity of a preparation 
of human erythrocyte membranes. In order to simulate the con- 
ditions of intact cell experiments isotonicity was maintained by 
exchanging sodium ion for potassium ion. The details are given 
under ‘‘Methods.’’ 


cells on a membrane ensyme activity in broken cells it seems 
reasonable to refer the cell content to the external concentra- 
tion with which it is in equilibrium. 

Fig. 4 shows the effect of varying the ouabain concentration 
on the ATPase activity of a preparation of membranes both in 
the presence and in the absence of (Na+ + K*). It can be seen 
that half-maximal inhibition of the (Na+ + K+)-dependent com- 
ponent appeared at a concentration of approximately 10-7 M. 
In intact cells half-maximal inhibition was found at 3 to 7 xX 
10-* m (17-19). 

Ammonium Ion—Table III shows that ammonium ion can 
substitute for potassium ion, but not sodium ion in activating 
the ATPase of the membranes. Fig. 5 shows that activation 
was half-maximal at 8 mm in the presence of 160 mM sodium ion. 
In intact cells it has been shown that ammonium ion substitutes 
for potassium ion but not sodium ion and activates transport in 
an isotonic sodium ion solution half-maximally at 7 to 16 mm (7). 

Competition between Sodium and Potassium Ions—In crab 
nerve ATPase Skou (8) observed a competitive inhibition of so- 
dium ion activation by high concentrations of potassium ion. 
A similar competition was found in erythrocyte ATPase as shown 
in Fig. 6. With no potassium ion sodium ion was inactive; with 
moderate potassium ion concentrations of 5, 10, or 20 mm sodium 
ion activation was half-maximal at about 4mm. At higher po- 
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~ x 
. 
| 
8.04 
> 
20 MMOLES/5 MMOLES' HB 
= 
x 
o T T T T T 
= 20 40 60 80 


SODIUM ION CONTENT MMOLES/S5 MMOLES' HB 


Fic. 3. Influence of cell sodium ion content on rate of active 
transport.in intact cells. The sum of the active transport rates 
of sodium plus potassium in samples taken at 2-hour intervals is 
plotted against the mean sodium ion content. External potas- 
sium ion was always more than 30 mM and was not rate limiting. 
The different symbols indicate three different experiments. In 
the experiments denoted by @ and O circles cells were stored for 
8 + 1 days at 2° in isotonic solutions of varying sodium and po- 
tassium ion concentrations. They were then incubated at 40° 
for 4 hours in sodium and potassium ion solutions whose concen- 
trations were within 30 mm of equilibrium with the cell contents. 
Under these ¢ircumstances corrections for the total passive trans- 
port of (Nat j|+ Kt) would be less than 1.0 mmole per 5 mmoles 
Hb per hour and were not made. In the experiment denoted by 
X cells were stored at 2° in a sodium ion solution for 63 days and 
contained initially Na+ = 119 and K*+ = 10 mmoles per 5 mmoles 
of Hb. They were then incubated at 40° for 8 hours in a solution 
containing Na*+ = 80 and K*+ = 30mm. Passive transport correc- 
tions were less than 7% of the corresponding active rates. All 


- the results plotted for this last experiment have been arbitrarily 
‘multiplied by 1.5 to obtain a smooth continuation of the curve 


obtained in the first experiments with fresher cells. This was 
done because cells stored in the cold for a long period have in our 
experience regularly had a lower pumping capacity than fresher 


cells. 
2 Maximal Inhibition 
ot 10°’ M 
J 2 3 
a NA’ K* 
120 40 
mM 


OQUABAIN CONCENTRATION M 


Fig. 4. Inhibition of the (Na+ + K*)-dependent component of 
the adenosine triphosphatase activity of erythrocyte membranes 
by various concentrations of ouabain. The procedure is described 
under ‘‘Methods.”’ 
tassium ion concentrations of 80 mm and 160 mm the concen- 
tration for’ half-maximal activation by sodium ion increased to 
about 12 and 30 mm, respectively. A competitive inhibitor 
characteristically raises the concentration for half-maximal ac- 
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III 
Substitution of ammonium ion for potassium ion in 
activation of AT Pase 


ATPase and Active Transport 


; Activity 
[Na*] 
mM mM mM umoles P;/hr/ml enzyme suspension 
0 0 0 1.4 
0 80 40 3.5 
80 0 0 0.8 
80 80 40 3.6 
80 0 40 1.0 
80 80 0 3.9 
4.0- 
= 
3.5- 
2a 
WwW 
3.0 - 
\ MAXIMAL ACTIVATION AT 8mM 
=x 
2.5- 
SODIUM ION CONCENTRATION = i60mM 
a 


16) 10 20 30 40 50 60 70 80 
AMMONIUM ION CONCENTRATION mM 
Fic. 5. The influence of ammonium ion concentrations in the 
presence of sodium ion on the activity of adenosine triphosphatase 


from erythrocyte membranes. The procedure is described under 
‘‘Methods.”’ 
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SODIUM ION CONCENTRATION mM 


Fic. 6. Competitive inhibition of sodium ion activation of 
erythrocyte membrane adenosine triphosphatase activity by high 
concentrations of potassium ion. The details are given under 
‘““Methods.”’ 


tivation without affecting the maximal rate. An S-shaped curve 
for sodium ion activation under potassium ion inhibition was 
also observed by Skou (8). 

In erythrocyte ATPase a reciprocal competitive inhibition of 


potassium ion activation by high concentrations of sodium ion 


was also found as shown in Fig. 7. 

In intact cells only the competitive inhibition of potassium ion 
activation by high concentrations of sodium ion at the external 
surface of the cell membrane can be tested conveniently. The 
data in Fig. 7 suggested that the normal isotonic concentration 
of sodium ion (0.15 M) is inhibitory. The concentration for 
half-maximal activation of transport by external potassium ion 
in the absence of external sodium ion was therefore tested. Fig. 
8 shows that the replacement of external sodium ion by choline 


+ 
4.0- , _Na= 20,40 or 8OmM 
4 
= 
mM 

3.0- 
320.08 
No=OmM 

x e 
2.07 
= 

0 2 4 6 8 10 


POTASSIUM ION CONCENTRATION mM 


Fic. 7. Competitive inhibition of potassium ion activation of 
erythrocyte membrane adenosine triphosphatase activity by high 
concentrations of sodium ion. The details are given under 
‘*Methods.”’ 
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Fic, 8. Influence of external potassium ion concentration on 
rate of active (Nat + K*) transport in intact erythrocytes in a 
0.16 m choline ion or a 0.16 M sodium ion solution. In the choline 
ion solution the points were determined as follows. Cells, stored 
at 2° for 35 days and containing initially Na+ = 93, Kt = 23 
mmoles per 5 mmoles of Hb, were incubated for 4 hours at 40° in 
a solution modified from that given under ‘‘Methods”’ by the sub- 
stitution of choline ion for sodium and potassium ions, the replace- 
ment of phosphate ion by chloride ion, and the substitution of 
inosine for adenosine. Isotonicity was preserved when potassium 


ion was added by omitting an equivalent amount of choline ion. | 


The solid line fits the equation, V = Vmax [K*]/([K*] + K,, where 
V is the rate, [K*] is the potassium ion concentration, V max is 16.2 
mmoles of (Na+ + K*) per 5 mmoles of Hb per hour, and K, is 
0.40 mm. In a sodium ion solution the influence of external po- 
tassium ion is shown by the dotted line, which fits an identical 
equation except that K, is 2.1 mM. 
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TABLE IV 

i Insensitivity of maximal transport of intact cells to replacement of 
| external sodium ton by choline ton 

- Cold-stored cells containing initially Na+ = 132 and K+ = 4.0 
mmoles per 5 mmoles of Hb were incubated at 37° for 3 hours in 
solutions containing 15 mm K;HPQ, at pH 7.8, and 130 mm NaCl 
or choline chloride. Glucose 5 mM and adenosine 3 mM were sub- 
strates. Each solution was divided into two parts to one of which 
ouabain was added to block active transport. 


Sodium ion content 2’ er incubation, mmoles/5 mmoles Hb 


External medium Sodium ion solution |Choline ion solution 
+ Quabain 3 X M.......... 130.1 118.5 
Active transport of Na* by dif- 


Potassium ion content after incubation, mmoles/5 mmoles Hb 


External medium Sodium ion solution |Choline ion solution 
+ Quabain 3 X 10-5 M.......... 7.4 7.8 
Active transport of K* by dif- | 
Total active transport.......... 30.1 28.0 


ion lowered the concentration for the half-maximal activation of 
transport in intact cells by external potassium ion from 2.1 mm 
to0.4 mm. The suitability of choline ion as a replacement for 
sodium ion was shown in preliminary experiments. The en- 
trance of choline was very slow, less than 75 of the rate of passive 
transport of sodium under a similar concentration gradient. The 
maximal rate of transport was not affected by replacing external 
sodium ion by choline ion as shown in Table IV. In this experi- 
ment sodium-rich cells were incubated in sodium ion or choline 
ion solutions containing enough potassium ion to saturate trans- 
port. Each solution was compared with a control containing 
ouabain, which blocks active transport without affecting passive 
transport (10,11). After correction for passive transport the ac- 
tive loss of sodium ion was added to the active gain of potassium 
ion to obtain the total active transport. 


DISCUSSION 


The conclusion that an adenosine triphosphatase is a part of a 
system for active transport rests on a demonstration that an 
ATPase activity in broken membranes and the system for active 
transport in intact cells have a number of unusual characteristics 
in common as follows. 

1. Both systems are located in the membrane. 

2. Both systems use ATP in contrast to ITP. 

3. Both systems require sodium ion and potassium ion to- 
gether. 

4. The concentration for half-maximal activation by potassium 
ion in the presence of sodium ion is 3 mm for the enzyme and 2.1 
for transport. 

5. The concentration for half-maximal activation by sodium 
ion in the presence of potassium ion is 24 mm for the enzyme and 
20 mo for transport. 
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6. Both preparations show competitive inhibition of potassium 
ion activation by high concentrations of sodium ion. 

7. The concentration for half-maximal inhibition by ouabain 
in the presence of (Na+ + K*) is 10-7 m for the enzyme and 3 to 
7 X for transport. 

8. Ammonium ion substitutes for potassium ion but not for 
sodium ion in both systems. 

9. The concentration for half-maximal activation by ammo- 
nium ion in the presence of sodium ion is 8 mm for the enzyme 
and 7 to 16 mm for transport. 

The identification of this ATPase activity as part of a trans- 
port system implies that sodium and potassium ions are more 
than simple cofactors; as substrates for transport they should be 
moved from one part of the system to another at a rate depend- 
ent on the rate of dephosphorylation of ATP. The movement 
is not apparent, of course, in a suspension of broken membranes. 
The identification suggests further the following idea. The re- 
ciprocal competitive inhibition between sodium and potassium 
may mean that on each side of the membrane the linked trans- 
port system must free itself of one substance as transported prod- 
uct before it can take on the other as transportable substrate. 
Such a competition is consistent with the model of linked trans- 
port proposed by Shaw (1) for active sodium and potassium trans- 
port in horse erythrocytes. 

The similarities between the (Na+ + K*)-dependent ATPase 
of erythrocytes and that of crab nerve (8) are quite noticeable. 
Both enzymatic activities require similar concentrations of so- 
dium and potassium ions for activation and both show a com- 
petitive inhibition of sodium ion activation by high concentra- 
tions of potassium ion. Both show an S-shaped activation curve 
for sodium ion under potassium ion inhibition. Skou (8) also 
considered of the crab nerve preparation that ‘characteristics 
of the system suggest that the ATPase studied here may be in- 
volved in the active extrusion of sodium from the nerve fiber.”’ 

Previous workers on the adenosine triphosphatase of erythro- 
cytes did not test for activation by sodium and potassium ions. 
Garz6, et al. (20) showed that ATPase activity of erythrocytes of 
various animals was closely associated with the intactness of the 
membrane as seen under the electron microscope. Their prep- 
aration removed all the phosphate groups from ATP; this differ- 
ence from the human cell preparation is probably due to the 
difference in species. Clarkson and Maizels (21) showed that 
the breakdown of easily-hydrolyzable phosphate is brought about 
by enzymes located on the inner and outer surfaces of the human 
erythrocyte membrane but not by the soluble cell contents. 
Herbert (22) made studies of the kinetics and inhibitors of the 
ATPase. Caffrey et al. (23) have also studied characteristics of 
the enzymatic activity and concluded that it was not part of the 
membrane since it appeared to be soluble in a hemolysate. We 
have repeated one of their procedures and found that the precip- 
itate which appears upon dilution of the hemolysate has the ap- 
pearance of cell membranes under the phase-microscope. We 
suggest that membranes have about the same density and index 
of refraction as a 15% (weight per volume) solution of hemoglobin 
and for this reason appear to be soluble in it. We suggest that 
the ATPase activity of Caffrey et al. was in fact derived from cell 
membranes. 

It is quite likely that (Na*+ + K*)-dependent ATPases are 
much more widely distributed in animal tissues than has been 
thought. In the first place the enzymatic activity has been 
found in such dissimilar tissues as human erythrocytes and crab 
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nerve. In the second place, as Leaf has emphasized (24), active 
sodium and potassium transport is probably a very common way 
by which cells with flexible membranes protect themselves against 
the osmotic pressure of their internal soluble proteins and me- 
tabolites. The common management of this general physiologi- 
cal problem by active transport suggests in turn that a similar 
transport enzyme system may be present in the membranes of 
many kinds of cells. Experiments in progress in this laboratory 
have identified an insoluble, (Na+ + Kt)-dependent, and oua- 
bain-sensitive ATPase in guinea pig kidney. ATPase activity 
has been localized in the membranes of tubule cells of kidney 
(25). 


SUMMARY 


1. An adenosine triphosphatase activity in broken human 
erythrocyte membranes has been identified as part of the system 
for the active transport of sodium outward and potassium inward 
across the membranes of intact erythrocytes. 

2. The adenosine triphosphatase and active sodium and potas- 
sium transport had the following unusual group of properties in 
common. 

(a) Both were located in the membrane. 

(6b) Both utilized adenosine triphosphate in contrast to inosine 
triphosphate. 

(c) Both required sodium and potassium ions together. 
Either sodium or potassium ion alone was ineffective. 

(d) Potassium ion activation was competitively inhibited by 
high concentrations of sodium ion in both systems. 

(e) Ouabain inhibited both systems. 

(f) Ammonium ion substituted for potassium ion but not for 
sodium ion in both systems. 

(g) The concentrations at which sodium ion, potassium ion, 
ouabain, and ammonium ion showed half of their maximal effects 
were the same in both systems. 
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During the course of a study on the oxidative pathways of 
Hydra littoralis it was found to be difficult to demonstrate suc- 
cinoxidase activity in homogenates of these animals. This led 
us to believe either that Hydra homogenates may have a very 
low succinoxidase activity or that a compound is released during 
homogenization that may inhibit their succinoxidase activity. 
It was further observed that succinoxidase activity of mouse 
liver was markedly inhibited by addition of the Hydra homo- 
genate (1). The present paper describes the localization, isola- 
tion, purification, and some of the properties of this inhibitor. 


EXPERIMENTAL 


Materials—Crystalline salt-free trypsin and pure soy bean 
trypsin inhibitor were products of the Worthington Biochemi- 
cal Sales Company. Unless stated otherwise, all other chemi- 
cals were commercial products, used without further purifica- 
tion. The mice used were the CAF; strain, fed ad libitum. 

Assays and Analytical Methods—The method of Schneider and 
Potter (2) was used to measure succinoxidase activity. Pro- 
tein was determined by the method of Lowry et al. (3). The 
Hydras were grown by the mass culture technique developed 
by Loomis and Lenhoff (4). 


RESULTS 


Demonstration of Succinoxidase Inhibitor in Hydra—The data 
in Table I show that the succinoxidase activity in Hydra is 
very low compared to that of the mouse liver and that the 
succinoxidase activity of mouse liver is markedly inhibited by 
an extract from the Hydra. 

Localization of Inhibitor in Hydra—One may wonder why an 
animal has present in its tissues an inhibitor of such an im- 
portant enzyme, one which may interfere with the cellular me- 
tabolism of the Hydra itself. We feel that the inhibitor is pres- 
ent in the nematocysts (stinging bodies), which are concentrated 
particularly in the tentacles of the Hydra. It is well known 
that the nematocysts are used by the animal for catching and 
inactivating its prey. These nematocysts are present in Hydra 
in the “undischarged”’ state and normally appear to discharge 
only into the surrounding medium or into its prey. There- 
fore if the inhibitor is present in the nematocysts it should 
not affect the normal functioning of the Hydra itself. We at- 
tempted to induce the animals to discharge their nematocysts 
into water in order to see if the inhibitor was also discharged. 
Although a number of substances have been employed that 
cause nematocysts to discharge, most of those in our hands 
worked effectively only at concentrations at which considerable 
tissue damage was produced. However, a shock from a dry 
cell battery, usually 224 or 45 volts, applied to groups of Hydras 
often causes a large number of the nematocysts to discharge 


without resulting in gross tissue damage. It is not know to 
what extent, if any, soluble material from within the cells is 
released as a result of the shock. Table II shows the inhibi- 
tory effect produced on succinoxidase activity of mouse liver 
by the solution surrounding the Hydras after an electric shock. 
The effect produced by this solution indicates that the inhibi- 
tor is present in the nematocysts, although definitive proof is 
still lacking. It may be that the inhibitor is an active com- 
ponent of the toxic principle present in the nematocysts. Fig. 
1 shows the Hydra before and after an electric shock. The 
pictures indicate that after the shock many nematocysts are 
discharged and at the same time are released from the ani- 
mal; yet, the integrity of the animal is maintained and there 
is little visual evidence of tissue damage. Sometimes, however,’ 
the shock does produce more damage than is seen in these 
pictures. Therefore, the results obtained by this procedure are 
by no means absolute evidence that the inhibitor is present 
in the nematocysts. 

Purvfication of Inhibitor—Early attempts to purify the in- 
hibitor gave poor results, apparently because the material was 
or became lipid bound during extraction. However, by em- 
ploying n-butyl alcohol as the first extracting agent, it was 
possible to obtain the inhibitory principle in true solution. This 
solvent has been used by Morton (5) to solubilize brain cho- 
linesterase, and by Cohen and Warringa (6) for erythrocyte 
stroma. 

An effective procedure for the isolation of the inhibitor is 
to homogenize thousands of animals, cleaned by repeated wash- 
ings, and then to lyophilize the homogenate. The inhibitor can 
be stored in the dry state without losing its activity. The dried 
material is rehomogenized in distilled, cold n-butyl alcohol. 
The first extraction is usually carried out overnight in the cold. 
The material is centrifuged and the residue re-extracted with 
the cold butanol several times. The butanol-soluble fraction 
contains much of the lipid but not the enzyme inhibitor. The 
residue is then extracted several times with cold, dry acetone 
and then with cold ether. The extractions are continued until 
the ether extract, when tested with osmium tetroxide, gives less 
coloration than a 1:15,000 dilution of sesame oil. 

Both the acetone and ether fractions are free of the inhibi- 
tor. The residue is then taken up in cold 0.02 m phosphate 
buffer, pH 7.9 to 8.0, and extracted in the cold. After several 
such extractions, much of the inhibitor goes into solution, which 
is light brown in color. Although the residue still contains 
inhibitory actvity, it is discarded since it is contaminated with 
all kinds of intact nematocysts, nematocyst walls, and other 
cell debris. Lowering the pH to 3.9 with HCl causes a large 
amount of flocculation to occur. Most of the inhibitor is pres- 
ent in the clear supernatant. This solution is dialyzed thor- 
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TABLE 
Demonstration of succinoxidase inhibitor in Hydra littoralis 

In all reaction vessels 0.1 ml of a 5% homogenate of liver was 
used. 

The liver was homogenized in distilled water, whereas the 1-day 
fasted Hydras were homogenized in dilute culture solution (mix- 
ture of disodium Versenate and sodium bicarbonate). The final 
concentrations of Versenate and sodium bicarbonate in the War- 
burg flasks were approximately 8.5 ug per ml and 4.2 wg per ml, 
respectively. Higher concentrations of these salts failed to pro- 
duce significant inhibitory effect on the succinoxidase activity of 
liver homogenates. The values shown are the results of single 
experiments but very similar results were obtained when the ex- 
periments were repeated. 


Tissue homogenate Succinoxidase activity 
Qo2 (dry weight)* 
Qo2 (wet weight)* 
Mouse liver plus extract from Hydraf......... 2.4 


* Qo, = ul of O2 consumed per hour per mg of tissue. 

Tt The extract was obtained from Hydras suspended in distilled 
water. The animals were disrupted in a 10 ke Raytheon sonic 
oscillator, and most of the nematocysts and nematocyst walls 
were removed by centrifugation. 


TABLE II 


Succinoxidase inhibition by material discharged from nematocysts 
by electric current 


The Hydras, 1-day fasted animals, were suspended in the so- 
dium bicarbonate-Versene solution. There were 57 animals in 2.5 
ml of solution. Aliquots of the solution without Hydras were 
removed before the shock. The solution was then diluted to the 
original volume and a shock from a 45-volt dry cell battery was 
applied.* Then another aliquot of the solution was removed. 
None of the animals examined showed visual evidence of cellular 
damage, and the animals were able to contract and extend them- 
selves. For the succinoxidase assay 0.1 ml of a 5% liver homog- 
enate was used in the reaction vessels. Qo, (wet weight) of 
control liver = 25. The same over-all effect can be repeated but 
the actual percentage of inhibition does vary, depending upon dif- 
ferences in experimental conditions, e.g., the time the shock is 
applied and the number of nematocysts that are discharged. 


Material 
% 
Mouse liver homogenate plus Hydra medium 
before electric shock (0.4 ml)................ 2 
Mouse liver homogenate plus Hydra medium 
after electric shock (0.4 ml)................. 27 


* The shock was produced by dipping metallic electrodes di- 
rectly into the solution containing Hydras. 


oughly in the cold against phosphate buffer pH 8.0, and the 
dialysate, with practically no inhibitory activity, is discarded. 
Table III shows the relative inhibitory activities of various frac- 
tions. 

Ultracentrifuge studies on Fraction A in the Spinco analyti- 
cal ultracentrifuge at 35,000 r.p.m. in the analytical A rotor, 
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showed the presence of a single slow moving peak. However, 
with a previous preparation, in addition to a slow moving major 
component, a low concentration, fast moving peak was ob- 
served. When this previous preparation was centrifuged in the 
Spinco preparative ultracentrifuge at a centrifugal force approxi- 
mately the same as obtained in the analytical model, it was 
found that the supernatant contained inhibitory activity. Ul- 
tracentrifuge runs on this supernatant no longer showed the 
fast moving peak. Therefore, even though the subsequent prep- 
aration did not show a small, fast moving component at this 
stage, it was decided to treat the material in a similar manner 
for it was possible that the fast moving component was pres- 
ent in too low a concentration to be observed in the ultracen- 
trifuge. We do not know why this second component was seen 
in previous preparations and not in this one. Previous prep- 
arations were handled in a somewhat different manner and this 
fact may account for the presence of an extra peak. The su- 
pernatant obtained after centrifugation in the Spinco prepar- 
tive ultracentrifuge is called the purified inhibitor. Fig. 2 shows 
the schlieren diagram of this material in the analytical ultra- 
centrifuge at 59,000 r.p.m. It appears to be a slow moving, 
rapidly diffusing substance devoid of any gross contamination. 
However, it is quite possible that the spreading of the peak 
with time is also indicative of polydispersion as to the size of 
the molecules. Studies are in progress to determine this and 
to see whether or not there is polydispersion of biological ac- 
tivity. Preliminary electrophoretic studies indicate some poly- 
dispersion, but thus far the data are not amenable to interpre- 
tation. 

Nature of Inhibitor—In an effort to determine the nature of 
the compound possessing enzyme inhibitory property, the purt- 
fied inhibitor from Hydra was incubated with trypsin at 37° 
for 3 hours, and thereafter trypsin activity was stopped with 
trypsin soy bean inhibitor. Aliquots of such mixtures failed 
to inhibit the succinoxidase activity of mouse liver, indicating 
that the enzyme inhibitory activity was associated with a pro- 
tein (see Table IV). 

Effect of Purified Inhibitor on Succinoxidase System of Mouse 
Tissues—Fig. 3 shows the effect of different concentrations of the 
purified inhibitor on succinoxidase activity of mouse liver under 
two sets of circumstances. In Curve A and Curve B, where 
the experiments were intended to be comparable, the percent- 
age inhibition varied, although equal amounts of the inhibi- 
tor were used. In Curve A, 0.08 ml of inhibitor produced 50% 
inhibition, whereas in Curve B, the same quantity of inhibitor 
gave 37% inhibition. The only difference in these experiments 
was the slight variation in activities of control livers (average 
oxygen uptake per 10-minute interval for Curve A = 19 ul 
and for Curve B = 23 wl). In another experiment, although 
it was not directly comparable to this one, the same result 
was obtained, i.e. the greater the activity of the liver the less 
the percentage inhibition for a given concentration of inhibi- 
tor. Whether this phenomenon has any relationship to the 
mechanism of action of the inhibitor we cannot say. 


However, the inhibition was concentration dependent and al- — 


most linear throughout the lower concentrations of inhibitor. 
The maximum inhibition achieved in these experiments was 
about 95%. 

The data in Table V show that the purified inhibitor, as might 
be expected, is quite effective in inhibiting mouse kidney and 
heart preparations as well as the liver preparation. 
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Fic. 1. Electric shock induced discharge of nematocysts from the Hydra. A, Before shock. X45. B, Before shock. X130. C~, 
After shock. X45. D, After shock. 130. Animals were in culture solution containing 0.1 mg of NaHCO; and 0.05 mg of disodium 


ethylenediamine tetracetate per ml. 


Properties of Inhibitor—That the substance is a macromole- 
cule is evidenced by the fact that extensive dialysis does not 
remove the inhibitory principle, that with cold trichloroacetic 
acid much of the inhibitor is precipitable, and that in the ul- 
tracentrifuge a schlieren pattern typical of a macromolecule is 
observed with the purified inhibitor. As indicated in Table IV 
there is good evidence that the inhibitor is a protein or at least 
is associated with a protein. The ratio of; the absorbancy at 


280 mu to that of 260 my of the purified inhibitor! is 1.13. Fig. 
4 illustrates the absorption spectrum of the purified inhibitor.' 
It is quite similar to what one obtains with a protein such as 


1 In this experiment the purified inhibitor was recentrifuged at 
about 2,500 r.p.m. for a few minutes. A very small amount of 
residue was obtained. This centrifugation was carried out to 
remove any suspended particles, although before this centrifuga- 
tion the solution was quite clear. 
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TABLE III 
Fractional separation of succinoxidase inhibitor from Hydra 


Lyophylized homogenate 


“xtracted with n-butyl alcohol 


Soluble (inactive) 


Residue (active) 


Extracted with acetone 


Soluble (inactive) 


Residue (active) 


Extracted with ether 


Soluble (inactive) 


Residue (active) 


Extracted with 0.02 m phosphate buffer, pH 8 


Phosphate soluble 
(about 92% of the activity) * 


pH adjusted to 3.9 


| | 
Residue 
(about 8% of the activity) 


Supernatant 


Residue—discarded 


Dialyzed against 0.02 m phosphate buffer, pH 8 


Fraction A 


(about 75% of activity in ‘‘phosphate soluble’’ fraction) 
Centrifuged in Spinco preparative ultracentrifuge 


| 


Supernatant— purified inhibitor 
(Almost all of activity in Fraction A) 


* Sample dialyzed before activity determination. 


| 


Residue—discarded 


Fic. 2. Ultracentrifuge pattern of purified inhibitor at 59,000 r.p.m. 


serum globulin. This material gives a positive reaction with 
the Biuret reagent. The test with the Molisch reagent is not 
conclusive; there is a reaction, but it is atypical for carbohy- 
drates. Whether this is due to the protein itself or is the re- 
sult of the combined reaction of the protein with bound or 
free carbohydrate material we do not know. After hydrolysis 
the inhibitor shows numerous spots on paper chromatograms 


when sprayed with ninhydrin. No attempt has been made to 
identify the spots. Thus the evidence supports the belief that 
the inhibitor is a protein. 


DISCUSSION 


The nematocysts of the coelenterates are complex structures, 
containing probably many constituents within its walls. They 
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IV 
Reversal of succinozidase inhibition by trypsin digestion 

Incubation mixture: T = trypsin; TI = soy bean trypsin in- 
hibitor; purified inhibitor = succinoxidase inhibitor isolated from 
the Hydra. Each milliliter of incubation mixture where indicated 
contained 235 ug of trypsin, 555 wg of soy bean trypsin inhibitor, 
and purified inhibitor (0.97 ug of protein nitrogen). Incubation 
was carried out at 38° for 3 hours in 0.02 m phosphate buffer, pH 
8.0. Where indicated the soy bean trypsin inhibitor was added 
at the end of this time, and aliquots of the incubation mixture 
were then added to the vessels for succinoxidase assays. Each 
vessel contained 0.4 ml of the respective incubation mixture and 
0.1 ml of 5% mouse liver homogenate. Qo, (wet weight) for the 
mouse liver = 33. 


Incubation mixture Inhibiti f 
succinonidase 
Added at start Added at end segue 
Qo. (wet weight) % 
Purified inhibitor 20 41 
T, purified inhibitor TI 31 6 
T TI 33 0 
T, TI, purified inhibitor 24 28 
’ 30 8 
TI, purified inhibitor 18 45 
100 A 
60 
70 
00 
40 @ 
20 
10 


oO 0.06 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.% 0.40 0.44 0.48 0.52 0.5% 0.60 
ML. OF INHIBITOR 


Fic. 3. The inhibitory effect of the purified inhibitor on the 
succinoxidase activity of mouse liver homogenate. In both Curve 
A and Curve B, the flasks contain 0.1 ml of liver homogenate (5 
mg of wet tissue per flask) and purified inhibitor (2.9 ug of protein 
nitrogen per ml of purified inhibitor). Final volume in all flasks: 
3.1 ml. 


are vital to the survival of the animal, being used both in pro- 
tection and for catching and immobilizing the live animals it 
eats. 

In this paper we have demonstrated the presence of a power- 
ful succinoxidase inhibitor in the coelenterate, Hydra littoralis. 
To prove that the material is present in the nematocysts would 
add evidence that it has physiological significance, namely, it 
is part of the toxin. Use of the electric shock technique to 


induce the nematocysts to discharge and the subsequent ob- 
servation that the inhibitory principle is present in the solu- 
tion surrounding the animals indicates that the inhibitor comes 
from the nematocysts. However, definite proof of its locali- 
zation in the nematocysts will depend upon discharge of the 
inhibitory principle from isolated clean intact nematocysts. 
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TABLE V 
Effect of purified inhibitor on various organs of mouse 

Concentration of inhibitor = 0.20 ug of protein nitrogen per ml 
of incubation mixture containing 1.7 mg of wet tissue. 

The values shown are the result of a single experiment. This 
comparative study was not repeated since our intention was only 
to determine if the inhibition observed with liver occurred also 
with other organs. 


Qo (wet weight) % 
Liver _ 28 
Liver + 3 89 
Kidney 47 
Kidney + 6 87 
Heart 61 
Heart + 24 61 
0.8 
0.7 
0.6 
A 
3 
Z 0.4 
0.3 
0.2 
0.1 
8 a 
¢ 
220 230 240 260 270 780 300 310 320 30 30 


WAVE LENGTH f my ) 


Fic. 4. The ultraviolet absorption spectrum of the purified 
inhibitor. Curve A, inhibitor in phosphate buffer, pH 8. Curve 
B, phosphate buffer alone. 


Numerous studies have been made on the toxicity of nema- 
tocysts in various coelenterates and attempts have been made 
to study the chemical composition of the toxin present in them. 
However, to the best of our knowledge no enzymatic studies 
have been carried out. Much of the early work on coelen-. 
terate toxins is discussed by Thiel (7) and by Sonderhoff (8). 
Richet and Portier (9) have isolated two substances from coe- 
lenterates but they were not chemically identified. Welsh (10) 
working on the coelenterates Metridium (sea anemone) and 
Physalia (Portuguese man-of-war) found 5-hydroxytryptamine 
in tentacle extracts of these animals. Welsh (10) and Welsh 
and Prock (11) have also shown the presence of several qua- 
ternary ammonium bases in tentacle extracts of coelenterates, 
tetramethyl ammonium being the only one found in Hydra, 
whereas in the other coelenterates they found this compound 
as well as several other bases. These workers felt that these 
compounds were components of the nematocyst toxin. Pre- 
liminary studies in our laboratory indicate that neither hy- 
droxyindole amines nor quaternary ammonium compounds are 
components of the succinoxidase inhibitor that we have iso- 
lated from the Hydra? 

The data presented in this paper clearly indicate that the 


2 Manuscript in preparation. 
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inhibitory effect is due to a protein and preliminary results 
show that the effect is of a specific nature. Other workers, 
Phillips (12), Lane and Dodge (13) have studied isolated nema- 
tocysts from Metridium and Physalia, respectively, and have 
shown by hydrolysis of the internal contents of the nematocysts 
the presence of numerous amino acids. This indicates that 
these animals also have proteins present inside their nemato- 
cysts. Lane and Dodge indicated that the toxin in Physalia 
is a protein complex or associated with a protein. Welsh (11) 
has postulated that certain of the compounds he has studied 
may also be protein-bound in the native state. 

It is possible that the purified inhibitor of the succinoxidase 
system described in this paper is also present in the nemato- 
cysts in the bound state. We therefore wonder if inhibition 
of the succinoxidase system contributes in any manner towards 
the toxic effects produced in vivo by the toxin. This aspect 
is being explored further. 


SUMMARY 


An inhibitor of the succinoxidase system of mouse tissues 
has been isolated from Hydra littoralis. It probably originates 
in the nematocysts, and is quite likely a component of the 
nematocyst toxin. The inhibitor has been considerably purified, 
and the experimental evidence strongly indicates that it is a 
protein or possibly a protein complex. There is no evidence 
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that hydroxyindoles or quaternary ammonium compounds are 
associated with the inhibitor. 


REFERENCES 


1. WaRAvDEKAR, V.S., anp Kune, E. S., Federation Proc., 18, 
512 (1959). 

2. SCHNEIDER, W. C., AND PoTrerR, V. R., in W. W. Umsre!r, R. 
H. Burris, anp J. F. Staurrer (Editors), Manometric 
techniques, 3rd edition, Burgess Publishing Company, Min- 
neapolis, 1957, p. 170. 

3. Lowry, O. H., Rosesprovuan, N. J., Farr, A. L., anp Ran- 
DALL, R. J., in 8. P. Cotowick ann N. O. (Editors), 
Methods in enzymology, Vol. III, Academic Press, Inc., New 
York, 1957, p. 448. 

4. Loomis, W. F., anp Lenuorr, H. M., J. Exptl. Zool., 182, 555 
(1956). 

5. Morton, R. K., in 8. P. CoLtowick ann N. O. Kapuan (Edi- 
tors), Methods in enzymology, Vol. I, Academic Press, Inc., 
New York, 1955, p. 46. 

. CoHEN, J. A., AND WARRINGA, M. G. P. J., in S. P. Cotowicr 
AND N. O. Kapuan (Editors), Methods in enzymology, Vol. I, 
Academic Press, Inc., New York, 1955, p. 46. 

. TuiEL, M. E., Ergeb. u. Fortschr. Zool., 8, 1 (1935). 

. SONDERHOFF, R., Ann. chem. Liebigs, 525, 138 (1936). 

. RicHet, C., aND PorTIER, D., Res. Camp Sci., Monaco, 96, 
3 (1936). 

10. WetsH, J. H., Papers in marine biology and oceanography, 

Supplement to Deep sea research, Vol. 8, Pergamon Press, 
Ltd., London, 1955, pp. 287-297. 

11. Weusn, J. H., anv Prock, P. B., Biol. Bull., 115, 551 (1958). 

12. Putuuips, J. H., Nature, 178, 932 (1956). 

13. Lange, C. E., anp Donee, E., Biol. Bull., 115, 219 (1958). 


jor) 


oon 


| 

ph 
zy 
ity 
pr 
th 
th 
fol 
fie 
tic 
dis 
ra: 
its 
in 
wl 

A 
ric 
tic 
Tl 
pl 
0.1 
at 
en 
se 
co 
| ut 
re 
pI 

al 
(k 
fit 
as 
ni 
as 

| C 
m 
M 
U 

XUM 


Tue JoURNAL oF BioLoGcicaL CHEMISTRY 
Vol. 235, No. 6, June 1960 
Printed in U.S.A. 


The Streptococcus faecalis Oxidases for Reduced 
Diphosphopyridine Nucleotide 


V. A FLAVIN MONONUCLEOTIDE-CONTAINING DIAPHORASE 


M. I. DouIn AND N. P. Woop* 


From the Biology Division, Oak Ridge National Laboratory,t Oak Ridge, Tennessee 


(Received for publication, November 23, 1959) 


Streptococcus faecalis contains at least five different reduced di- 
phosphopyridine nucleotide-oxidizing enzymes (1-3). These en- 
zymes differ in their physical properties and substrate specific- 
ity. Previous studies from this laboratory have dealt with the 
properties of some of these enzymes and with their function in 
the oxidative metabolism of cytochrome-free bacteria. One of 
the enzymes isolated from S. faecalis, a flavoprotein peroxidase 
for reduced diphosphopyridine nucleotide has been highly puri- 
fied and its properties have been described in detail (3). Purifica- 
tion of the peroxidase resulted in the removal of a contaminating 
diaphorase that cannot use peroxide as an oxidant. The diapho- 
rase/has now been brought to a high state of purity and some of 
its properties will be described in this report. Perhaps the most 
interesting feature of this enzyme is the great rapidity with 
which the reduced form can be reoxidized by various quinones. 
A preliminary report of some of these findings has appeared (4). 


METHODS 


Diaphorase Assay—Assays were performed spectrophotomet- 
rically with a Beckman model DU spectrophotometer. Reac- 
tions were carried out in 3-ml cuvettes with a 1-cm light path. 
The following materials were used: potassium phosphate buffer, 
pH 7.0, 200 umoles; DPNH, 0.31 umole; potassium ferricyanide, 
0.60 umole; enzyme, 2 to 10 units; water to 3 ml. The temper- 
ature was 24°. The reaction was started by the addition of 
enzyme and the oxidation of DPNH was then followed by ob- 
servation of the decrease in absorbancy at 340 mu. Under these 
conditions, 90% of the absorbancy change at 340 my was attrib- 
utable to DPNH disappearance and the remainder to ferricyanide 
reduction (2). No correction was made, however, except when 
product balances were carried out. One enzyme unit causes an 
absorbancy change of 0.01 optical density unit per minute 
(based on initial rate, 0 to 1 minute). Specific activity is de- 
fined as the number of enzyme units per milligram of protein. 
Except for variation in the oxidant concentrations, the same 
assay conditions were used when acceptors other than ferricya- 
nide were tested. When poorly utilized electron acceptors were 
assayed, reactions were carried out in microcuvettes (Pyrocell 
Company) in 0.2-ml reaction volumes (1-cm light path). 

Chemical Determinations—Protein was determined by the 
method of Lowry et al (5). DPNH was determined by use of 
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the molecular extinction coefficient 6.22 x 10° cm? per mole at 
340 mu (6). Flavin in electrophoretic fractions was assayed 
fluorometrically (7), and FMN! was determined with the re- 
solved luciferase system of Achromobacter fischeri (8). Ferricy- 
anide was determined by its absorbancy at 420 mu (3) and 2,6- 
dichlorophenolindophenol by means of the extinction coefficient 
2.1 X 107 cm? per mole at 600 my (9). In balance studies 
(Table IT) the data are corrected for the absorbancy changes of 
2 ,6-dichlorophenolindophenol and ferricyanide at 340 mu. Hy- 
droquinone was determined colorometrically (10). 

Matervals—Vacuum-dried cells of S. faecalis were obtained as 
previously described (2). Quinones were purchased from East- 
man Chemical Company and K. and K. Laboratories, and 
oxidation-reduction dyes from K. and K. Laboratories. The 
p-benzoquinone was purified by sublimation; however, this 
repurified sample did not differ in its behavior from the initial 
product (Eastman). We are indebted to the following investi- 
gators for generously supplying the following compounds: Dr. 
D. E. Green, coenzyme Qio; Drs. D. Hendlin and K. Folkers, 
coenzyme Qio and 2,3-dimethoxy-5-methyl-p-benzoquinone; 
Dr. W. Baker, aurantiogliocladin; Drs. J. H. Birkinshaw and 
H. Raistrick, spinulosin; Dr. M. Kamen, cytochrome ¢ from 
Chromatium; Dr. R. K. Clayton, cytochrome c from Rhodo- 
pseudomonas spheroides. 


EXPERIMENTAL 


Purtfication of Diaphorase—Unless otherwise noted, the en- 
zyme was kept in an ice bath at 0° during all fractionation pro- 
cedures. Ice-cold phosphate buffer, 0.02 m, pH 6.5, was used 
for solution of ammonium sulfate precipitates and for elution of 
enzyme from starch blocks. The initial steps in the fractiona- 
tion were not specifically designed for the isolation of the dia- 
phorase but were those used in the purification of DPNH 
peroxidase (2, 3). A large portion of the diaphorase activity 
is found in the supernatant solution left after adsorption of 
DPNH peroxidase on calcium phosphate gel; this gel superna- 
tant was the starting material for purification of the diaphorase. 
The solution (2.0 mg of protein per ml) was saturated with solid 
ammonium sulfate. After a 15-minute wait, the precipitate 
was collected by centrifugation at 4° and redissolved in phos- 
phate buffer to give a protein concentration of 22 mg per ml. 
The concentrated fraction contained protamine which had been 
carried over from a previous step. In order to proceed with 


1 The abbreviation used is FMN, flavin mononucleotide. 
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the diaphorase purification, it was necessary to treat the prota- 
mine-containing solution with heparin. For each 10 ml of 
ammonium sulfate-concentrated fraction, 1 ml of heparin (20 
mg per ml, pH 7.0) was added. The solution was allowed to 
stand 1 hour at 0° and was then dialyzed for 4 hours against 
0.02 m potassium phosphate buffer, pH 6.5 at 4°. After dialysis, 
the enzyme was centrifuged at 25,000 x g for 30 minutes at 4°. 
The supernatant solution will be designated the heparin super- 
natant. 

The heparin supernatant was purified in batches by zone 
electrophoresis on starch blocks at pH 6.5, according to the 
procedure described previously (3). At pH 6.5, the diaphorase 
has a higher anodic mobility than the bulk of the protein (or 
any DPNH peroxidase that may be left), and thus a consider- 
able purification can be achieved. In these experiments, the 
flavin-diaphorase ratio of electrophoretic fractions is constant 
(see for instance Fig. 1 of (3)). After all of the heparin super- 
natant had been treated in this way (zone electrophoresis 1) 


TABLE I 
Purification of diaphorase, Streptococcus faecalis 


Enzyme activity was determined in the standard ferricyanide 
assay (‘‘Methods’’). Fractionation procedures for Steps 1 and 2 
are given in (2, 3). 


Enzyme units ‘ 
Enzyme fraction 
Total % 
1. Sonic extract..... 3,400, 000*|100 77* 
2. Gel supernatant (from DPNH 
_ peroxidase fractionation)......... 1,265,000 | 37 540 
3. Heparin supernatant.............. 1,225,000 | 36 660 
4. Eluate, zone electrophoresis 1..... 680,000 | 20 13,600 
5. Eluate, zone electrophoresis 2..... 186,000 | 5.6 48,500 


* Corrected for the ferricyanide reductase activity of cyto- 
chrome c reductase and DPNH peroxidase. The specific activity 
may not be the minimal possible, since there may be as yet un- 
recognized reductases present that could use ferricyanide as an 
electron acceptor. 
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Fic. 1. Spectrum of oxidized and reduced diaphorase, S. 
faecalis. @——@, Enzyme, specific activity 48,500, 0.1 ml in 0.02 
M potassium phosphate buffer, pH 6.5 (equivalent to 0.0028 umole 
of bound FMN). For the region 240 to 310 my, enzyme equivalent 
to 0.00056 umole of bound FMN was used. The absorbancy values 
obtained with the diluted enzyme were multiplied by 5. O——oO, 
Enzyme plus DPNH, 20 wmoles per ml, 0.01 ml. Spectrum cor- 
rected for dilution. 


S. faecalis Diaphorase 


the starch eluates were pooled (0.45 mg protein per ml), and 
the protein concentration raised to 9 mg per ml by ammonium 
sulfate precipitation, as described above for the gel supernatant 
fraction. The resultant solution was subjected to starch elec- 
trophoresis once again (zone electrophoresis 2). Table I is a 
summary of the purification procedure. Although it is not cer- 
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tain that maximum specific activity has been attained, the data _ 
to be presented in the next section suggest that the final elec- | 


trophoretic fractions are of high purity. 

Spectrum of Purified Enzyme—The spectrum of the purified 
diaphorase is given in Fig. 1. 
flavoprotein spectrum, with peaks at 270, 370, and 450 mu. On 
reduction with DPNH, the yellow color of the enzyme is bleached 
and there is a 90% decrease in absorbancy at 450 mu. Simi- 
lar results are obtained with hydrosulfite or with a mixture 
of DPNH plus hydrosulfite. The diaphorase, therefore, under- 
goes ‘‘typical” bleaching by substrate and does not show the 
formation of the spectral intermediates seen on substrate re- 
duction of DPNH peroxidase (3, 11) and several other flavo- 
proteins. Evidence that the diaphorase may form a complex 
with DPNH will be presented in a later section. The ratio 
of the absorbancy at 270 mu to the absorbancy at the visible 
peak is almost the same as the ratio reported for crystalline 
“old yellow enzyme” (12). 

Prosthetic Group—The bound flavin of the S. faecalis diaph- 
orase has been identified as FMN by both enzymatic and chro- 
matographic techniques. In a phosphate solvent system (13) 
paper chromatography of the flavin released by heat or tri- 
chloroacetic acid denaturation of the enzyme revealed only a 
single flavin spot. The Ry was identical to that of authentic 
FMN. In addition, the flavin released from the enzyme does 
not reactivate D-amino acid oxidase apoenzyme (14) but does 
reactivate the FMN-specific luminescent system of Photobac- 
terium fischeri (8). On a molar basis, the diaphorase flavin 
(released from heat-denatured enzyme) and authentic FMN 
have identical activities for the resolved luminescent system. 
A tentative value for the extinction coefficient of the native 
enzyme was obtained by precipitating the protein with 10% 
trichloroacetic acid (final concentration) and comparing the ab- 
sorption of the FMN released with that of authentic FMN 
under the same conditions. This procedure indicates that the 
extinction coefficient of the enzyme, at 450 muy, is close to that 
of free FMN (1.22 * 107 cm? per mole) (15). The latter value, 
therefore, was used in calculating the bound FMN content of 
concentrated diaphorase solutions. The FMN in dilute diaph- 
orase solutions was determined fluorometrically (7). From the 
flavin content, the minimum molecular weight of the diaphorase 
is approximately 50,000. 

pH Activity Curve—The pH activity curve for the purified 
enzyme is shown in Fig. 2. Complex curves such as this have 
been found for other flavoprotein enzymes (16). <A portion of 
the complexity may be introduced by the dependence of 
the diaphorase reaction rate on ionic strength. When Tris- 
chloride, 0.067 M, at pH 8.5 is used as the buffer, the reaction 
rate can be stimulated 5.6-fold on the addition of 0.133 m KCl. 
The addition of 0.133 m KCl to potassium phosphate buffer, 
0.067 m, pH 7.0, or to potassium acetate buffer, 0.067 mM, pH 
5.4 increases the oxidation rate by 15 and 45%, respectively. 

Substrate Specificity—The enzyme does not use TPNH as a 
reductant. In routine assays, ferricyanide and sometimes 2,6- 
dichlorophenolindophenol (DPIP) were used as electron ac- 


The enzyme shows a typical © 
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ceptors. Many other classes of flavoprotein oxidants have been 


such as those used by Weber et al. (18). 


tested, but the only other acceptors that have been found are 
quinones and naphthoquinones. 

Among the inactive artificial acceptors are dyes of low po- 
tential, such as the tetrazolium salts and the indigosulfonates, 
as well as dyes of higher potential, such as methylene blue, 
brilliant cresyl blue, and toluylene blue. It is worth while to 


| note that the enzyme does not reduce dyes (such as methylene 


blue) that are sometimes regarded as typical flavoprotein oxi- 
dants. 

The following compounds also proved to be without activity: 
oxygen; peroxide; nitrate and nitrite; nitro compounds (17) in- 
cluding chloramphenicol and nitrofurazone (Furacin); oxidized 
lipoic acid, cystine and oxidized glutathione; dehydroascorbic 
acid; fumarate; free riboflavin, FAD or FMN; cytochrome c 
from horse heart, Chromatium or R. spheroides; iron chelates 
The enzyme does 
not catalyze a lipoic dehydrogenase reaction in either direction. 

Stoichiometry of Reaction—The balance for typical active ac- 
ceptors is shown in Table II; theoretical stoichiometry for 1- 
and 2-electron acceptors is observed. The product of quinone 
reduction was identified colorimetrically (10) as hydroquinone. 
DPN is the product in all three reactions, as shown by assay 
of the oxidized nucleotide with alcohol dehydrogenase (19). 
These results demonstrate that the diaphorase activities may 


be formulated as shown in Equations 1 to 3. 


— DPN* + 2 Fe(CN). + H* (1) 
DPNH + Ht + 2,6-DPIP — DPN* + 2,6-DPIP-H:2 (2) 
DPNH + H+ + quinone — DPN* + hydroquinone (3) 


Relative Activity of Electron Acceptors—Since quinones are now 
recognized to play a role in electron transport (10, 20, 21), it 
was of interest to determine the relation between the structure 
of a series of substituted quinones and their activity as oxi- 
dants for the diaphorase of S. faecalis. ‘These relations are 
shown in Table III, which lists kinetic constants for all the 
active oxidants tested. It is evident that the velocity con- 
stants for some of these reactions are extremely high. With 
p-benzoquinone, for example, the second-order rate constant for 
the reaction between reduced enzyme and oxidant is higher 
than the constant for the decomposition of peroxide by cata- 
lase. Comparison of the kinetic constants shows that benzo- 
quinone and toluquinone are the best oxidants. This is indi- 
cated both by the high turnover and the low Michaelis constant. 
Introduction of more than one methyl group into the ring leads 
to considerable decrease in activity. It is of some interest, 
however, that two water soluble models of coenzyme Q are 
active as oxidants. The most active of the compounds is 2 ,3-di- 
methoxy-5-methyl-p-benzoquinone; however, the naturally oc- 
curring compound 2,3-dimethoxy-5, 6-dimethyl-p-benzoquinone, 
or aurantiogliocladin (23), has significant activity. The insoluble 
analogue, coenzyme Qio, which has a 10-unit isoprene polymer 
on C-6 of the ring (24), is inactive. Judging from this limited 
number of examples, hydrocarbon substitution of the C-6 car- 
bon of the coenzyme Q nucleus leads to decrease in activity 
for the S. faecalis diaphorase. As shown in Line 11, not all 
soluble substituted p-benzoquinones are active since the mold 
product, spinulosin (25) does not function as an oxidant. (Spin- 


DPNH + 2 Fe(CN) 


ulosin, because of its electron-repelling substituents, may have 
too low a potential to serve as an oxidant in the diaphorase 


reaction.) 
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PER CENT OF MAXIMUM ACTIVITY 


7 8 9 10 

pH 

Fic. 2. pH activity curve for diaphorase, ferricyanide as elec- 
tron acceptor. Standard ferricyanide assay, except for buffers. 
©, Potassium acetate, 0.067 mM; @, potassium phosphate, 0.067 
M; A, Tris-chloride, 0.067 m plus KCl, 0.133 m. pH values were 
checked with a glass electrode immediately after the rate deter- 
minations. Rates of DPNH oxidation were corrected for the 
spontaneous disappearance of 340 my absorbance that occurs at 
acid pH. 


4 5 6 


TABLE II 


Stoichiometry for DPNH oxidation, Streptococcus 
faecalis diaphorase 


Standard assay conditions, except for electron acceptors. En- 
zyme, specific activity 40,000, 16 units. Experiment 1: Initial 
ferricyanide, 0.5 umole; initial DPNH, 0.45 umole. Experiment 
2: Initial 2,6-dichlorophenolindophenol, 0.15 umole; initial 
DPNH, 0.27 umole. Experiment 3: Initial p-benzoquinone, 0.35 
umole; initial DPNH, 0.13 umole. The reactions were followed 
to completion. See ‘Methods’ for chemical determinations. 


Ratio: 
Oxidant 4 DPNH | A Oxidant | DPNH- 
oxidant 
pmole umole 
2. 2,6-Dichlorophenolindophenol..... 0.14 0.14 1.0 
3. p-Benzoquinone.................. 0.12 0.13* 0.92 


* Hydroquinone formed. 


Among the naphthoquinones, it again appears that, whereas 
a water-soluble model of a vitamin is active (in this case mena- ~ 
dione or vitamin K;), the insoluble derivative (vitamin K,) is 
not. Vitamin K,, like coenzyme Qo, was used as an emulsion 
in albumin. The possibility remains that neither of these fat- 
soluble compounds was available to the diaphorase, even though 
emulsions were used. With regard to the possible importance 
of the quinone-reductase activities, two points may be made. 
First, the reactions are rapid. Second, the results cannot be 
explained on the basis of oxidation-reduction potential alone. 
For instance, 1,4-naphthoquinone and menadione are active, 
even though oxidation-reduction dyes of the same or higher 
potential are inactive (see section on substrate specificity). 

Inhibitors—Table IV demonstrates that the diaphorase is not 
very sensitive to peroxide and other reagents that react with 
thiols and is not appreciably affected by typical metalloprotein 
inhibitors. DPNH peroxidase, an FAD flavoprotein isolated 
from S. faecalis (3), shows a very similar behavior. The per- 


oxide stability of the S. faecalis flavoproteins (which applies 
also to the over-all oxidase plus peroxidase system) fits nicely 
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TaB_e III 
Electron acceptors for diaphorase, Streptococcus faecalis 


Standard assay conditions were used, except for variation in 


the nature and concentration of the electron acceptor. 


S. faecalis Diaphorase 


Electron acceptor Eo’, pH 7 TON* kt K,t 
M 
1. 2,6-Dichloro- 
phenolindophenol..| 0.2172.9 1042.9 108 
2. Ferricyanide...... 6.1 1096.1 K 10° 
3. Oxygenm........... 3.4 X 107 
4. p-Benzoquinone...| 0.27 8.8 X 1041.0 X 10'% 5.0 X 107° 
5. p-Toluquinone.... 9.8 XK 1044.3 & 10°| 1.4 10-5 
6. 2,5-Dimethy]-p- 
benzoquinone... 1.9 X 1041.9 108 


7. 2-Methyl-5-iso- 
propyl-p-benzo- 


quinone......... 4.7 X 1034.7 107 
8. 2,3-Dimethoxy-5- 

methyl-p-ben- 

zoquinone....... 2.7 X 1042.7 108 


9. 2,3-Dimethoxy- 
5,6-dimethyl-p- 
benzoquinone 
(aurantioglio- 
cladin).......... 2.5 X 1072.5 & 108 

10. Coenzyme Qio..... 0 0 

11. 2,5-Dihydroxy-3- | 
methoxy-6- 
methyl-p-ben- 
zoquinone 
(spinulosin)..... 0 0 

12. 1,2-Naphtho- 
quinone......... 

13. 1,4-Naphtho- 
quinone......... 

14. 2-Methyl-1,4- 
naphthoqui- 
—0.01 6.4 X 1076.4 X 108 

15. Vitamin Ki....... 0 


xX 1043.9 X 10% (0.77 K 10-5 


0.0365.4 1041.3 1.1 10 


* TON = moles DPNH oxidized per min per mole of enzyme- 
bound FMN, with 10-4 m electron acceptor. 

+ k = Second-order rate constant for oxidation of reduced 
diaphorase by the oxidant (m™! X min“). This constant was 
estimated from the linear portion of curves showing velocity as 
a function of oxidant concentration (DPNH present in excess). 

t K, = Michaelis constant for the oxidant determined from 
reciprocal plots (22). Where no Michaelis constant is shown, the 
reaction follows first-order kinetics, with respect to oxidant, to at 
least 10-4 m oxidant. 


' with the finding that the organism carries out a physiologically 
useful flavoprotein respiration (2). 

When 1 ,4-naphthoquinone is used as an oxidant for the diaph- 
orase, the reaction is not appreciably affected by dicumarol 
or dinitrophenol. 

Michaelis Constant for DPN H—When ferricyanide serves as 
electron acceptor, the A, for DPNH, determined from reciprocal] 
plots (22), is 2.0 K 10-5 mM, under the standard assay condi- 
tions. 

Enzyme-Substrate Complex—Fig. 1 shows that the diaphorase 
does not form an enzyme-substrate complex analogous to the 
one demonstrated previously for DPNH peroxidase (3, 11). In 
the latter system, complex formation is characterized by partial 


TaBLeE IV 
Effect of inhibitors on diaphorase, Streptococcus faecalis 
The standard ferricyanide assay was used, except that enzyme 
(5 units) was incubated with the inhibitor for 5 minutes before the 
substrates were added. The reactions were started by adding 
DPNH and ferricyanide to the reaction mixture. 


Inhibitor Molarity Inhibition 
% 
1. p-Chloromercuribenzoate........... 3.3 X 10-5 6 
1.0 X 14 
2. N-Ethyl maleimide................. 1.0 0 
4, Ferricyanide....................... 2.0 X 10 15 
6. o-Phenanthroline................... 4.5 X 10 6 
1.4 
oh 
0.7- 
06- 
0.5- 
\ 
= 04- 
03- 
02- 
0.1- 
d "00.0.0 
O 
-o14 
-0.2 
300 340 380 420 460 


WAVE LENGTH (mp) 

Fic. 3. Reduction of diaphorase by yeast alcohol dehydrogen- 
ase system. @——@, Diaphorase, specific activity 48,500, equiv- 
alent to 0.030 wmole of bound FMN per ml; crystalline yeast 
alcohol dehydrogenase, 0.29 mg per ml; DPN, 0.031 umole per ml; 
Tris, 0.096 m, pH 8.4. Final volume, 0.1. ml. O——O, reaction 
mixture above plus ethyl alcohol, 1.7 m, 0.003 ml. Spectra are 
corrected for dilution and for the absorbance of alcohol dehydro- 
genase. A——A, difference spectrum (reduced — oxidized). 


reduction in intensity of the 450-my band and by the forma- 
tion of a broad absorption band centered around 540 mp. The 
possibility remained, however, that a complex similar to the 
one found for microsomal cytochrome reductase (26) might be 
formed. The binding of DPNH to microsomal cytochrome re- 
ductase causes extensive bleaching of the 460-my band of the 
flavoprotein and the formation of a new spectral intermediate 
(presumably enzyme-bound DPN), which has an absorption 
peak at 315 mu. Evidence that the diaphorase can form an 
apparently similar complex is shown in Fig. 3. The enzyme, 
reduced by alcohol dehydrogenase, alcohol, and one equivalent 
of DPN,? shows a peak at 330 my in the ultraviolet difference 


2 Method of P. Strittmatter, personal communication. 
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spectrum. This peak seems to contain a contribution from a 
small steady state concentration of free DPNH. Alcohol de- 
hydrogenase becomes progressively inactivated under the ex- 
perimental conditions used in Fig. 3. Concomitant with this 
inactivation, the concentration of free DPNH diminishes and 
the absorption peak of the intermediate shifts and remains at 
320 my, although the 450-my band remains bleached. (When 
the flavoprotein is omitted from the reaction mixture, the spec- 
trum formed is that of DPNH.) The diaphorase can be re- 
duced, in the alcohol dehydrogenase system, in the presence 
of catalytic concentrations of DPN, without appreciable effect 
on the spectrum in the region of 300 to 340 mu. These re- 
sults suggest that DPN can dissociate from reduced diaphorase 
and can recycle to keep the flavoprotein in the reduced state. 
This behavior is unlike that of microsomal cytochrome reduc- 
tase, which forms a very tight complex with DPN (26). It 
is not possible to decide from these data whether the reduced 
form of kinetically active diaphorase is free reduced flavopro- 
tein (FP-H,) or reduced flavoprotein containing bound pyridine 
nucleotide. Preliminary kinetic experiments suggest that the 
complex is the active form. For instance, when various quinones 
are used as oxidants for the diaphorase, kinetic data reveal 
the existence of a step that becomes rate limiting and independ- 
ent of the DPNH and quinone concentrations as the levels of 
the latter compounds are simultaneously increased. These find- 
ings are consistent with a mechanism that involves the forma- 
tion of a ternary complex between diaphorase, DPNH, and 
quinone (27). 


DISCUSSION 


The results that have been reported do not necessarily iden- 
tify the physiological acceptor of the enzyme as a quinone. 
Diaphorases are by definition enzymes that react with artificial 
or model electron acceptors. This situation may mean either 
that the physiological acceptor is not yet recognized or that 
the diaphorase is an altered form of a physiologically func- 
tional electron transport catalyst. For some reason, the altered 
enzyme may have lost its ability to react with the true oxi- 
dant. The alternatives may be difficult to determine in a given 
case. The recent elucidation of the nature, origin, and func- 
tion of enzymes related to heart diaphorase (28, 29) offers hope 
that the physiological function of other diaphorases can be 
determined. 

The possibility that quinones may function in electron trans- 
port reactions of lactic acid bacteria is as yet based on cir- 
cumstantial evidence. Wosilait and Nason (30) were the first 
to show that extracts of Escherichia coli and certain other bac- 
teria contain pyridine nucleotide-quinone reductases. Although 
such reactions may be difficult to evaluate, since quinones can 
act as nonspecific flavoprotein oxidants (31), Brodie et al. (20) 
have shown that the naturally occurring vitamin K analogue 
of Mycobacterium phlei has a physiological function in the oxi- 
dative phosphorylation system of that organism. Lester et al. 
(21) have demonstrated that coenzyme Q occurs normally in 
yeast and in Azotobacter vinelandii. Furthermore, vitamin K-like 
compounds have been detected in certain lactic acid bacteria 
(32) and it has recently been reported that menadione is stimu- 
latory for the growth of Lactobacillus bifidus (33). 

Consideration of all these findings suggests that the very 
potent quinone-reducing activity of the S. faecalis diaphorase 
may have a physiological function. Although the soluble diaph- 
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orase does not react with fat-soluble quinones, it may be that, 
(a) the quinones were not actually in contact with the enzyme, 
or (6) the enzyme may be nonspecific for low molecular weight 
quinones but may show steric specificity toward quinones that 
have long side chains. It is also conceivable that the diaph- 
orase, in its native form, is particle-bound and able to react 
with fat-soluble quinones. Although there is no information 
on this point, there is some evidence for the existence in S. 
faecalis of a particulate enzyme that can react with quinones. 
Preliminary experiments® have shown that the particulate, ul- 
traviolet-labile cytochrome c reductase of S. faecalis (2) can 
be stimulated by menadione and also by partially purified lipid 
extracts of S. faecalis. All the active lipid fractions obtained 
to date are reducible by borohydride; the difference spectra 
(oxidized minus reduced) show a broad absorption band ex- 
tending from 245 to 290 mu. 


SUMMARY 


1. A soluble, reduced diphosphopyridine nucleotide-specific 
diaphorase has been highly purified from extracts of Strepto- 
coccus faecalis. The enzyme contains bound flavin mononu- 
cleotide as its prosthetic group. On the basis of the flavin 
content, the minimum molecular weight is approximately 50,000. 

2. Representatives of virtually all the known classes of flavo- 
protein oxidants have been tested as electron acceptors; how- 
ever, the only oxidants found were ferricyanide, 2,6-dichloro- 
phenolindophenol, and various quinones. With p-benzoquinone 
as oxidant, the turnover is 88,000 moles of reduced diphosphopy- 
ridine nucleotide oxidized per minute per mole of enzyme-bound 
flavin mononucleotide (pH 7, 24°). 

3. Evidence is presented that the diaphorase forms a com- 
plex with reduced diphosphopyridine. nucleotide. The absorp- 
tion maximum of the complex occurs at about 320 mu. | 

4. A possible physiological role for the enzyme is discussed. 
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The effect of 2,4-dinitrophenol on the “activation” of adeno- 
sine triphosphatase has been widely studied and various theories 
have been proposed to explain this phenomenon. These include: 
(a) an increase in the hydrolysis of a phosphorylated intermediate 
(1-3), (b) the masking of an inhibitory sulfhydryl group located 
at or near the active site (4-7), and (c) interference with the ori- 
entating influence of the 6-amino group of ATP (8-11). In 
addition, there have been numerous indications that the action 
of dinitrophenol may involve some effect on a cation, most prob- 
ably magnesium, that is bound at the active site of the enzyme 
(4, 12-14). <A large part of these data have been obtained with 
myosin adenosine triphosphatase and it was of interest to deter- 
mine whether interpretations regarding the action of dinitrophe- 
nol and the configuration of the active site may be extrapolated 
to various adenosine triphosphatases of mitochondrial origin. 
Chappell and Perry (7, 15) have commented earlier on possible 
similarities in the action of dinitrophenol on both mitochondrial 
and myosin adenosine triphosphatase. 

Previous work from this laboratory has dealt with three ap- 
parently different particulate adenosine triphosphatase prepara- 
tions derived from rat liver mitochondria (14, 16). It will be 
shown that one of these mitochondrial preparations closely re- 
sembles myosin adenosine triphosphatase whereas the other two 
do not. The two that differ appear to be devoid of an inhibitory 
grouping at the active site which is involved in the action of 
dinitrophenol. 


METHODS 


Digitonin particles were prepared as previously described (17). 
Particles were prepared in a Mickle shaker by a modification of 
the method of Gamble and Lehninger (18, 16). These will be 
referred to as Mickle particles. Sonic particles were prepared as 
described by Bronk and Kielley (19). The fraction sedimenting 
between 50,000 to 100,000 XX g was used in all three cases.*¢ In- 
organic phosphate was measured by the method of Martin and 
Doty (20). Protein was determined by the method of Lowry et 
al. (21). All particle suspensions were adjusted to contain 1.5 


* This investigation was supported in part by a research grant, 
RG-5302, from the National Institutes of Health. 

t Senior Research Fellow, SF-2, United States Public Health 
Service. 

1 Increased adenosine triphosphatase evoked by a substance, 
i.e., dinitrophenol, ethylenediaminetetraacetic acid, Ag*, in the 
absence of added divalent cation is termed ‘‘activation.’’ In- 
creased activity produced in the presence of divalent cation is 
referred to as ‘‘stimulation.”’ 


mg of protein per ml before use. Magnesium was assayed by the 
method of Orange and Rhein (22) with the use of cuvettes with 
a 5-cm light path and a Beckman model B spectrophotometer. 
All samples were ashed in a platinum crucible, taken up in 0.8 
ml of 0.01 N HCl prepared from glass-redistilled water, and a 0.6- 
ml aliquot used for the assay. Five to 10 mg of enzyme protein 
were used for each assay. Recovery experiments with known 
amounts of a standard magnesium solution indicate the accuracy 
of the method to be approximately +5%. Sulfhydryl groups 
were determined by amperometric titration with AgNO; as de- 
scribed by Kolthoff et al. (23) with the use of a rotating platinum 
electrode. A volume of enzyme suspension containing 1.5 to 2.5 
mg of protein was clarified by the addition of 5% deoxycholate 
solution to a final concentration of 0.5%. The total volume was 
adjusted to 10 ml with 0.1 m NH,NOs, pH 9.4. The reaction 
chamber was flushed with helium 10 minutes before carrying 
out the titration. This method was found to yield very repro- 
ducible results under these conditions. The apparatus was al- 
ways checked before use with standard solutions of freshly pre- 
pared reduced glutathione and bovine serum albumin. 

The particles were pretreated with sulfhydryl-binding reagents 
by incubating the particle suspension containing 1.5 mg of protein 
per ml with the appropriate reagent for 20 minutes at 0°. The 
pH was adjusted to 7.0 with 0.01 m Tris. An aliquot containing 
0.15 mg of protein was then added to the ATPase assay vessel. 


RESULTS 


Treatment with Sulfhydryl-binding Agents—In order to evaluate 
the suggestion that dinitrophenol “activates” ATPase by mask- 
ing an inhibitory sulfhydryl group (4), a study was made of the 
effect of progressive complexing of the free sulfhydryl groups of 
all three mitochondrial preparations on the increased ATPase 
activity produced by Mg++ alone and by Mg*+ plus dinitrophe- 
nol. The results obtained with the digitonin preparation are 
shown in Fig. 1. With Mg** as activator, there is a 2-fold in- 
crease in activity that occurs when approximately 50% of the 
total free, readily available, sulfhydryl groups have formed com- 
plexes. The activation by dinitrophenol is steadily diminished 
by Ag* and all such activity is lost at the point where the effect 
of Mgt* is maximal. It is of interest that the latent ATPase, 
the activity in the absence of any added activator, is also en- 
hanced by the Ag+ treatment but the optimal concentration is 
significantly lower. This may be a reflection of the difference in 
the point at which the onset of inhibition occurs when the tightly 
bound Mg is presumably the activator. Chappell and Greville 
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(24) have reported earlier the increase of pigeon breast muscle tr 
mitochondrial ATPase produced by AgNOs. ct 
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trapolated to the mitochondrial preparation employed in these 
studies, it might be anticipated that the specific activity in the 
presence of Mgt+ would be lower in the digitonin preparation 
than in the Mickle and sonic preparations. The reason for this 
supposition is the finding that the ATPase of the digitonin prep- 
aration can be activated by dinitrophenol and the activity in the 
presence of Mgt+ is considerably enhanced by AgNO;. Both 
dinitrophenol and AgNO; are thought to mask the inhibitory 
group (4-7). This situation does not obtain with the Mickle 
and sonic preparations. 

Comparisons were therefore made of the maximum specific 
activity that could be obtained in the presence of various con- 
centrations of Mg**, in the presence and absence of dinitrophe- 
nol and with and without treatment with AgNO;. Qualitatively 
similar results were obtained at a number of different Mg++ 
concentrations and 0.001 m Mg++ was used routinely in these 
experiments. The results of such a comparison may be seen in 
Table I. 

The following should be noted. Treatment of the digitonin 
preparation with Ag+ results in a greatly increased specific activ- 
ity when Mg*+ is present either alone or together with dinitro- 
phenol. Treatment of the Mickle and sonic preparations with 
the level of Ag+ indicated results in a slight decrease in specific 
activity. The specific activity of these preparations is consider- 
ably greater than that of the digitonin preparation under all 
circumstances where Mgt+ has been added to the assay system. 
A number of such experiments have been conducted and qualita- 
tively similar results were consistently obtained. Although the 
actual values of the specific activities varied considerably the 
same relative differences were always obtained. Since all three 
particulate enzymes were always made from a single mitochon- 
drial preparation these differences are felt to be valid even though 
the actual specific activities varied with different mitochondrial 
preparations. 

Occasionally digitonin preparations with relatively high specific 
activities for Mgt+ activation were obtained. These prepara- 
tions showed a greatly reduced stimulation by Ag+ and activation 
by dinitrophenol. 

Sulfhydryl Group Content—Kielley and Bradley (4) have con- 
cluded that a sulfhydryl group at the active site is involved in 
some interaction that prevents the maximal hydrolytic activity 
from being obtained. The data presented above are consistent 
with this interpretation and it appears likely that the digitonin 
ATPase has a similar grouping available at its active site. If 
this conclusion is valid it might be anticipated that the digitonin 
preparation may have a higher content of free sulfhydryl] groups 
than the sonic and Mickle preparations that exhibit no ‘“‘activa- 
tion” by dinitrophenol and would thus contain no free, inhibitory 
sulfhydryl groups. 

Accordingly, measurements were made of the readily available 
free sulfhydryl groups in the three preparations. Typical results 
are shown in Table II. 

It may be seen that there is no significant difference between 
the free sulfhydryl group content of the three preparations. In 
addition, aging the digitonin preparation for 80 minutes at 37° 
causes a significant increase in the free sulfhydryl] group content 
while the same conditions result in a loss of activation by dini- 
trophenol. This type of quantitative measurement does not 
distinguish between the groups at the active site and those lo- 
cated elsewhere on the particle. 

Bound Mg++—The work of Siekevitz et al. (13) with intact rat 
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TABLE 
Specific activity of mitochondrial ATPase 
System contained 0.01 m Tris, pH 7.0; 0.006 m ATP, pH 7.0; 
5 X 10-* m dinitrophenol; 0.15 mg of enzyme protein in a final 
volume of 0.50 ml. Vessels containing dinitrophenol alone incu- 


bated 20 minutes, others incubated 3 minutes at 25°. Used 45 
mymoles of AgNO; per mg of protein where indicated. 
Preparation Addition Pj liberated 
mpmoles/min/mg 
protein 
Digitonin............. Dinitrophenol 71 
Digitonin............. Mg 315 
Digitonin............. Mg + dinitrophenol 778 
Ag-digitonin.......... Dinitrophenol 0 
Ag-digitonin.......... Mg 660 
Ag-digitonin.......... Mg + dinitrophenol 1135 
Ag-Mickle............ Mg 865 
Ag-Mickle............ Mg + dinitrophenol 1765 
Dinitrophenol 0 
Mg + dinitrophenol 1478 
Ag-sonic.............. Mg 792 
Ag-sonic.............. Mg + dinitrophenol 1453 
TABLE II 
Sulfhydryl content of mitochondrial ATPase 
Experiment No. Preparation Sulfhydryl 
myumoles/mg protein 
1 Digitonin 79 
Mickle 77 
Sonic 81 
2 Digitonin 103 
Digitonin aged 80 minutes at 123 
37° 
Mickle 100 
Sonic 98 


liver mitochondria has indicated a possible relationship between 
the level of bound mitochondrial Mg and the ability of dinitro- 
phenol to activate ATPase. In addition, Friess et al. (12) have 
obtained evidence strongly implicating a bound metal, probably 
Mg, as being present at the active site of myosin ATPase. The 
ATPase of only one of the three preparations employed in these 
studies, i.e. digitonin particles, can be activated by dinitrophenol. 
It was therefore felt that a comparison of the content of bound 
Mg of the three preparations might yield information concerning 
(a) the possible involvement of bound Mg, and (b) the fraction 
of the total bound Mg necessary for the ATPase enzymic activity. 
The data are shown in Table III. 

It is apparent that the presence of high levels of bound Mg is 
no indication that the preparation will exhibit an activation by 
dinitrophenol. The levels of bound Mg in the digitonin and 
Mickle preparations are very similar yet only the former shows 
an activation by dinitrophenol. In addition, it seems probable 
that at least one other parameter is implicated since at a time 
when the Mg content of the digitonin particles has been reduced 
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TaBLeE III 
Comparison of dinitrophenol ‘‘activation’”’ of ATPase and 
bound Mg 
System same as in Table I. Incubated 20 minutes at 24°. 
Preparation phenol Mg content 
ase 
mymoles/ 
min/mg mg protein 
protein 
1 Digitonin 65 21 
Digitonin aged 40 minutes 28 12 
Mickle 0 27 
Sonic 0 12 
2 Digitonin 109 23 
Digitonin aged 40 minutes 44 14 
Mickle 0 22 
Sonic 0 10 
3 Digitonin 107 30 
Digitonin aged 40 minutes 57 13 
Digitonin aged 80 minutes 14 10 
Mickle 0 27 
Sonic 0 8 


to the relatively low level of the sonic preparation by aging, an 
appreciable activation remains. This may be seen in Experiment 
3 where after 40 minutes of aging the bound Mg has already de- 
creased maximally whereas the activation has decreased only 
50%. Additional aging produces little further change in the 
level of bound Mg but results in an almost complete loss in the 
ability of dinitrophenol to activate ATPase. There is no indica- 
tion from these experiments what proportion of the total bound 
Mg may be functional with regard to the activation of ATPase 
by dinitrophenol. 


DISCUSSION 


The data presented suggest a close similarity between the 
ATPase obtained from digitonin extracts of mitochondria and 
myosin ATPase. Kielley and Bradley (4) demonstrated that 
when approximately 40% of the free, readily available, sulfhydryl] 
groups of myosin ATPase formed complexes with p-chloromer- 
curibenzoate, the activity evoked by Ca*++ was increased 3- to 
4-fold. At higher levels of the mercurial, the ATPase in the 
presence of Ca*+ was inhibited progressively until all the groups 
were complexed at which point no activity remained. Under 
similar conditions the enhancement of ATPase by EDTA, in the 
absence of added metal ion, was inhibited at all concentrations 
of mercuribenzoate employed. Many workers have reported an 
apparent similarity in the action of dinitrophenol and EDTA on 
myosin ATPase, and it is felt that both of these agents may be 
functioning in a similar manner (5, 9, 10). Qualitatively similar 


results have been obtained with phenylmercuric acetate as the 


sulfhydryl-binding agent and Ca++ and dinitrophenol to acceler- 
ate myosin ATPase (6, 7). | 

On the basis of the data provided it is suggested that the action 
of ATPase activators and sulfhydryl-binding agents is very simi- 
lar if not identical in both the digitonin preparation and myosin 
ATPase. The treatment of both mitochondrial-digitonin par- 
ticles and myosin ATPase with progressive amounts of sulfhydry] 
binders results in a loss of ability of dinitrophenol and EDTA 
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respectively to cause activation and an increase in the ability of 
divalent cation to enhance ATPase activity. Further binding 
of sulfhydryl groups beyond this point results in both cases in a 
loss of activity. The inference that this effect of dinitrophenol 
and Ag* on the digitonin preparation is due to the presence of 
an inhibitory group is strengthened by a comparison of the spe- 
cific activity of the three different submitochondrial preparations. 
The Mickle and sonic preparations which cannot be activated by 
dinitrophenol or stimulated by Ag+ exhibit a much higher specific 
activity than does the digitonin preparation which is influenced 
by both dinitrophenol and Ag+. It has not been possible to ob- 
tain as great a specific activity with the digitonin preparation 
with various combinations of dinitrophenol, Mg++, and Ag? as is 
obtained with the other two enzymes. This may be due to an 
incomplete release of the inhibition by these agents or the selec- 
tion of improper assay conditions. It is tentatively concluded 
that the ATPase of the digitonin preparation, similar to myosin 
ATPase, has an inhibitory grouping at its active site whose effect 
is abolished by the addition of dinitrophenol or Ag+ resulting in 
an increased hydrolytic rate. The ATPases of the Mickle and 
sonic preparations on the other hand, do not have this inhibitory 
group available and therefore exhibit a considerably higher ac- 
tivity that is not increased by the addition of dinitrophenol alone 
or Agt*. 

Only the ATPase of the digitonin enzyme is activated by dini- 
trophenol in the absence of added Mg** and this activation is 
abolished by Ag+. In contrast, all three preparations are stimu- 
lated by dinitrophenol in the presence of added Mg*+ and this 
effect is enhanced by Ag*. It has been previously suggested 
that this represents two manifestations of the same fundamental 
phenomenon (14, 16). Variations in the action of dinitrophenol 
under different experimental conditions may explain divergent 
conclusions regarding the number of ATPases existing in mito- 
chondria (2, 13, 14, 16, 25-28). 

The data on the relative specific activities of the three prepara- 
tions are at variance with the results of Gamble and Lehninger 
(18). These workers reported that the specific activities for the 
Mg*+-activated ATPase of the digitonin and Mickle preparations 
were very similar in the absence of added dinitrophenol. It is 
felt that this difference may be resolved on the basis that the 
data reported for the digitonin preparation was recalculated from 
the results of Cooper and Lehninger (29) and was not obtained 
by a direct comparison of the two particulate enzymes made from 
a single preparation of mitochondria. 

The low Mg content of the sonic particles is in accord with the 
finding of Bronk and Kielley (19) that Mgt* must be added to 
the assay medium in order to obtain appreciable rates of oxidative 
phosphorylation, phosphate-ATP exchange, and ATPase. In 
contrast, Cooper and Lehninger (17, 29, 30) reported no require- 
ment for added Mgt+ in order to demonstrate these reactions 
with digitonin particles. This difference between the two prep- 
arations with regard to the requirement for added Mg** is 
explicable on the basis of the large difference in bound Mg con- 


sistently obtained. 


SUMMARY 


Titration of three particulate mitochondrial adenosine triphos- 
phatase (ATPase) preparations with sulfhydryl-binding agents 
and measurement of specific activities has yielded the following 
information: 

(a). An ATPase preparation obtained from digitonin extracts 
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of mitochondria appears to contain some inhibitory grouping at 
its active site that prevents the enzyme from attaining maximal 
activity. Treatment of the enzyme with AgNO; or the addition 
of dinitrophenol appears to stimulate activity by virtue of the 
ability of these reagents to block this inhibitory group. 

(6). ATPase preparations obtained by shaking mitochondria in 
an evacuated tube with glass beads in a Mickle shaker, and by 
brief sonic treatment of a mitochondrial suspension, appear to be 
devoid of this inhibitory group, since their specific activity is 
considerably greater than that of the digitonin preparation and 
cannot be further increased by treatment with AgNO; or by the 
addition of dinitrophenol in the absence of added Mg*+. 

(c). Treatment of all three preparations with relatively high 
levels of AgNO; enhances the ability of dinitrophenol to “‘stimu- 
late’? ATPase in the presence of added Mg**. 

Quantitative measurements of the content of free sulfhydryl 
groups and bound magnesium of three particulate ATPase prep- 
arations of mitochondrial origin have been made. It has been 
found that there are no significant differences between prepara- 
tions with regard to the content of free sulfhydryl groups. It 
has also been shown that the sonic preparation has a considerably 
lower level of bound magnesium than do the digitonin and 
Mickle preparations. 
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It has previously been reported that a capsulated strain of 
Aerobacter aerogenes, 1033, can utilize glycerol as sole source of 
carbon and of energy (1), and that glycerol induces this organism 
to form a diphosphopyridine nucleotide-linked glycerol dehydro- 
genase (2). This enzyme may be identical with the glycerol 
dehydrogenase discovered by Burton and Kaplan (3) in another 
strain of A. aerogenes, whose partial purification was described 
by Burton (4). The enzyme resembles also a glycerol dehydro- 
genase of Escherichia coli described by Asnis and Brodie (5). 
Preliminary observations had shown that the level of glycerol 
dehydrogenase activity in A. aerogenes strain 1033 fluctuated 
greatly during different phases of growth. It seemed important 
to purify and characterize the enzyme before undertaking an 
investigation into the causes of this fluctuation. This prelimi- 
nary study, described in the present paper, revealed among other 
properties of the enzyme a requirement for certain cations. 


EXPERIMENTAL PROCEDURE 


Bacteria—Aerobacter aerogenes strain P14 is a guanine-requir- 
ing mutant of strain 1033 which has been described in an earlier 
communication (6). The mutant was maintained by monthly 
transfers on tryptone nutrient agar slants. | 

Basal Medium—tThe basal culture medium contained 40 yg 
of guanine per ml, 1.26% KH2PO,, 0.54% K:HPO,, 0.20% 
(NH,)2S0,, 0.02% MgSO,-7H:0, and 0.001% CaCl. The final 
pH was adjusted to 6.8 by addition of NaOH. The solution 
was sterilized by autoclaving. Glycerol and glucose, 20% solu- 
tions, were autoclaved separately and added aseptically to the 
basal medium. Media containing 0.2% glycerol and 0.01% 
glucose were usually used. 

Growth of Cells and Preparation of Enzyme Extracts—Cells 
from agar slants were suspended and transferred aseptically into 
the growth medium, 2-liter Erlenmeyer flasks each containing 
1 liter of medium. Fully grown cultures were usually obtained 
by incubating the inoculated flasks overnight on a New Bruns- 
wick rotary action flask shaker operated at about 150 cycles per 
minute in a room maintained at 37°. The cells were collected 
by centrifugation for 7 minutes at 4° in an International re- 
frigerated centrifuge, washed once with distilled water, and then 
suspended in 0.01 m sodium phosphate buffer at pH 7.4 (15 to 


* This work was supported by the William F. Milton Fund of 
Harvard University, Research Grants RG-5669 and RG-3554 of 
the National Institutes of Health, and Research Grant G-7479 of 
the National Science Foundation. Part of this work was pre- 
sented before the American Society of Biological Chemists, 
Atlantic City, New Jersey, April 1959. 


20 ml of buffer for every liter of culture). The suspension was 
then sonically disrupted by treatment in a Raytheon 10 kc.-250 
watt sonic oscillator at 0° for 4 minutes. This treatment did 
not seem to inactivate the glycerol dehydrogenase because the 
same specific activities were observed in extracts which had been 
subjected to sonic disruption for 4, 6, or 8 minutes; 2 minutes of 
sonic treatment released only 80% of the enzyme activity from 
the cells. The disrupted preparation was centrifuged for 20 
minutes at approximately 12,000 x g in a Servall angle centrifuge 
in a cold room maintained at 5°. The supernatant fraction 
contained the enzyme activity. 

Chemicals—Metal-free NH,Cl was generated by distilling NH; 
from concentrated NH,OH into constant boiling HCl solution. 
The crystals were collected and recrystallized from glass-distilled 
water. (NH,)2SO, used in enzyme assays was first recrystallized 
from a solution containing 2 g of disodium ethylenediaminetetra- 
acetate per liter. The crystals were collected and recrystallized 
from glass-distilled water. KCl was recrystallized twice in the 
same manner. Other chemicals were obtained from commercial 
sources without further purification; glycerol and other related 
compounds were from Eastman Organic Chemicals, dihydroxy- 
acetone from Mann Research Laboratories, crystalline pyridine 
nucleotides from Pabst Laboratories, and protamine sulfate from 
Nutritional Biochemicals Corporation. Calcium phosphate gel 
was prepared according to the procedure of Keilin and Hartree 
(7). The Folin-Ciocalteu phenol reagent was obtained from 
the Hartman-Leddon Company. 

Enzyme Assay—The activity of glycerol dehydrogenase was 
measured by following the reduction of DPN at 340 my in a 
Beckman model DU spectrophotometer with a circulating water 
constant temperature jacket maintained at 25 + 1°. The reac- 
tion was carried out in 1-cm light-path cuvettes. The enzyme 
was first incubated for 1 to 2 minutes with 0.1 ml of neutralized 
0.01 m DPN and 0.1 ml of 1 m (NH,)SO,. This was followed 
by the addition of 0.6 ml of 0.5 m NaHCOs;-Na,CO; buffer and 
sufficient water to give a final volume of 3.0 ml. The reaction 
was initiated by the addition of 0.3 ml of 1 m glycerol. The 
reaction blank contained all components except the glycerol. 
The initial slope during the first minute of reaction was used to 
calculate the enzyme activity which was expressed as umoles of 
DPN reduced per minute. Glutathione had no appreciable 
effect on the activity of the enzyme either in crude or in partially 
purified preparations. Assays of crude extracts were carried out 
at pH 10.0 in order to minimize the possible enzymatic destruc- 
tion of DPNH. Purified enzyme preparations were usually 
measured at pH 9.0, the optimum. The protein was determined 
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by use of the Folin-Ciocalteu phenol reagent according to the 
procedure described by Lowry et al. (8) 


RESULTS 


Purification of Glycerol Dehydrogenase—Unless otherwise 
specified all the purification procedures were carried out at 0°. 
Extracts of glycerol-grown cells from 4 liters of culture were used 
as the starting material for the enzyme purification. This ex- 
tract, usually containing about 500 mg of protein, was gently 
swirled by magnetic stirring in an ice-cooled beaker, while 11.6 
ml of 1% protamine sulfate (pH 7.0) were added dropwise from 
a pipette, and the resulting precipitate was then removed by 
centrifugation. The supernatant fluid contained almost all of 
the enzyme activity. To this fraction an equal volume of 
(NH4)2SO,, saturated at 0°, was added gradually with constant 
stirring. The precipitate was collected by centrifugation, redis- 
solved in 20 ml of distilled water, and neutralized to pH 7.0. 
The solution was heated and kept at 60° for 4 minutes, and was 
then immediately chilled in an ice bath. The coagulated mate- 
rial was removed by centrifugation. The supernatant fraction, 
usually containing about 40 mg of protein, was treated with 9 
ml of calcium phosphate gel (16.6 mg dry weight per ml). The 
enzyme was adsorbed to the gel and was eluted by mixing the 
gel with 20 ml of 0.5 m KCl in 0.03 m potassium phosphate at 
pH 7.6. The results of a purification procedure are summarized 
in Table I. To study the effect of cations on the enzyme activ- 
ity, the purified enzyme was dialyzed for 24 hours at 5° against 
three changes of glass-distilled water with neutralized 0.001 m 
disodium ethylenediaminetetraacetate. 

Effect of Monovalent Cations—This effect was accidentally 
discovered during the purification of the enzyme. It was noticed 
that after (NH4,4)2SO, fractionation an apparent 200 to 300% 
recovery of the enzyme activity was frequently obtained. Sub- 
sequently it was found that addition of (NH4)2SO, directly to 
the crude cell-free extract resulted in a pronounced increase of 
activity. Furthermore, dialysis of the purified enzyme resulted 
in almost complete loss of the activity unless NH,*, K*, or Rbt 
was added to the assay mixture. With the realization of this 
cation requirement all routine assays of glycerol dehydrogenase 
were carried out with (NH4)2SOx,, unless ionic effects were studied. 
Fig. 1 shows the activation of a purified enzyme preparation by 
NH,Cl, (NH,4)2SO,, and KCl. The fact that two different NH,* 
salts gave almost the same activation at the same cation concen- 
tration and the fact that KCl at the same concentration was 
much less effective than NH,Cl seems to rule out the action of 
anions, 

A comparison of the effects of several monovalent cations on 
the glycerol dehydrogenase activity is given in Table II. The 
enzyme is activated by NH,*, K+, and Rbt, but not by Lit. 
Na* is presumably inactive since the preparation shown in Fig. 
1 was almost completely inactive when measured in sodium 
carbonate buffer without the addition of other cations. The 
residual activity of the particular preparation in Table II is 
believed to be due to the presence of minute amounts of NH4* 
liberated gradually from the proteins, since this activity increased 
spontaneously during storage of the enzyme preparation. In- 
deed, this slow spontaneous activation of the enzyme made it 
dificult to study the ion effect, unless the studies were done 
quickly and immediately after the dialysis. Prolonged or re- 
peated dialysis led to gradual and apparently irreversible loss of 
the enzyme activity. 
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TaBLeE I 
Purification of glycerol dehydrogenase 
Preparation | | Specific activity 
mg units units/mg protein 
Crude extract................. 500 230 0.46 
Protamine sulfate supernatant.; 340 280 0.83 
Ammonium sulfate 0 to 50% 
saturation.................. 140 385 2.85 
Heated at 60° for 4 min....... 37 350 9.5 
Calcium phosphate eluate..... 14 230 16.4 


* All assays were carried out at pH 10. The apparent increase 
in total activity with purification may be due to the removal of 
DPNH oxidase activity and/or ions which may inhibit the glyc- 
erol dehydrogenase slightly in the crude extract. 


OD at 340 mu 


0.50 


0.75 1.00 1.25 


MINUTES 


Fig. 1. Effect of NH,* and K* on the activity of glycerol dehy- 
drogenase. The reduction of DPN was measured with the same 
amount of purified glycerol dehydrogenase in the absence of an 
activator (@ @), in the presence of 1.7 KX 10°? m KC] (A—— 
A), 1.7 X 10°? m NH,Cl (O——-O), and 0.83 10-2 m (NH,4)2SO, 
xX). 


0.25 


TaBLeE II 
Effects of monovalent cations on activity of glycerol dehydrogenase 


Relative enzyme 


Ions activity 


* All ions were tested at 1.7 X 10°? m. In all assays pH 9.0 
sodium bicarbonate was used as the buffer. The control was 
assayed without addition of other ions. 


Table III shows that the affinity of the enzyme for NH,* is 
greater than that for K+. Since ammonia is more effective at pH 
8.5 (almost full ionization) than at pH 10 (about 20% ioniza- 
tion), and moreover, the enzyme can be activated by K* and 
Rbt+, it is likely that NH,* rather than NH; is the activating 
species for the dehydrogenase. 

It was also observed that increasing the NH,* concentration 
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increased the apparent affinity of the enzyme for glycerol much 
more than the maximal velocity. It might be noted that the 
K,, reported by Burton (4) (3.9 * 10-2 m) was higher than either 
of the values obtained in the present study. It would appear 
that the lower apparent affinity of the enzyme for the substrate 
in the former case was due to the lack of activating ions. 

pH Optimum—The enzyme exhibited maximal glycerol dehy- 
drogenating activity at pH 9 and was almost completely inactive 
at pH 11. Potassium instead of ammonium ions were used as 
the activator in these measurements since the concentration of 
the latter is pH dependent. 


TaBLeE III 


Affinity of glycerol dehydrogenase for 
glycerol and monovalent cations 


Concentration of 
Assay condition Compound | ,compaund | 
maximal activity 
M 
pH 9.0 with 3.3 10°? m NH,Cl....... Glycerol | 1.7 X 
pH 9.0 with 3.3 10°? m NH,Cl...... Glycerol | 5.6 X 10-3* 


* Calculated by Lineweaver-Burk equations. The maximal ac- 
tivity obtained with the lower NH,* was 65% that obtained with 
the higher NH,* concentration. 


TABLE IV 
Substrate specificity of glycerol dehydrogenase 
Compound Concentration 
M 
1 X 10°? 100 
1-Chloro-2,3-propanediol.............. 1 X 10°? 56 
Glycerol a-monomethyl ether. ........ 1 X 10°? 42 
1,3-Dichloro-2-propanol............... 1 X 10°? 14 
1,3-Dibromo-2-propanol............... 1 X 10°? 0 
1-Chloro-2-propanol................... 1 X 10°? 0 
5 X 10-3 83 
1-Chloro-2,3-propanediol.............. 5 X 1073 39 
Glycerol a-monomethyl ether......... 5 X 10-3 34 


TABLE V 
Effect of chelating agents on activity of glycerol dehydrogenase 
Chelating agent Concentration Inhibition 
M % 
Ethylenediaminetetraacetate 2X 10-3 +0 
1 X 10°? 19 
Diethyldithiocarbamate 2X 10-3 14 
1 X 10°? 20 
a,a-dipyridyl 2X 10-3 50 
4X 1073 80 
8-Quinolinol 2X 10-4 56 
5 X 10~* 90 


Actwation of Glycerol Dehydrogenase 


Specificity of Glycerol Dehydrogenase—Table IV gives the initial 
rates of DPN reduction when the purified glycerol dehydrogenase 
was tested with various compounds at two different concentra- 
tions. The reactivity toward 1 ,2-propanediol and 1-chloro-2 ,3- 
propanediol confirms the observations made by Burton (4). It 
is noteworthy that at the lower substrate concentration, 1 ,2- 
propanediol is more rapidly dehydrogenated than glycerol (Table 
IV). The reverse reaction was studied by following DPNH 
oxidation. The enzyme reduced dihydroxyacetone but not DL- 
glyceraldehyde. 

Inhibition of Glycerol Dehydrogenase—In order to determine 
whether polyvalent cations also affect the enzyme activity, the 
assay was carried out in the presence of metal-complexing agents. 
The enzyme activity was found to be powerfully inhibited by 
8-quinolinol and a,a-dipyridyl, but was relatively insensitive to 
diethyldithiocarbamate and ethylenediaminetetraacetate (Table 
V). On the other hand the activity of this enzyme was also 
markedly reduced by Zn*+ ions, which caused a 50% inhibition 
at 2.1 x 10-5 m. Direct evidence concerning the polyvalent 
cation requirement of glycerol dehydrogenase must await further 
purification and characterization of this protein. 


DISCUSSION 


The glycerol dehydrogenase purified from A. aerogenes strain 
P14 resembles the enzymes previously isolated from E. coli (5) 
and A. aerogenes (ATCC 8724 (4)) in several of their properties. 
These include the relative stability to heat (4, 5), pH optimum 
in the alkaline region (4, 5), sensitivity to divalent cation inhibi- 
tion (5), and relatively low substrate specificity (4). 

We have in addition noted that the enzyme requires monova- 
lent cations (NH4t+, K+, and Rbt). This effect has not been 
reported by the previous workers, although Burton (4) has 
stated that “ammonium ions show a slight stimulatory effect 
from pH 6.8 to 8.8, but the reaction is inhibited at pH 8.9.” The 
requirement of monovalent cations for activities of a number of 
different enzymes has been reported in the literature. In general 
it seems that the effects of NH,*, K+, and Rb?* are similar to 
each other and differ from those of Na+ and Lit. Although at 
present the properties of these two groups of ions responsible 
for their different biological activity are poorly understood, it 
is worthy of note that these two groups of ions differ from each 
other in radii of the hydration shell and relative mobility (9). 
Among the enzymes reported to require the NH,* group for 
maximal activity are several pyridine nucleotide-linked dehydro- 
genases: aldehyde dehydrogenase from bakers’ yeast (10, 11), 
inosine 5’-phosphate dehydrogenase (12) and inositol dehydro- 
genase from A. aerogenes.1 Several enzymes catalyzing reactions 
involving ATP were also reported to be activated by these ions. 
These include pyruvic kinase from rat (13) and rabbit muscle 
(9, 14), phosphotransacetylase from Clostridium kluyveri (15), 
acetate-activating enzyme from pig and rabbit heart (16), y- 
glutamylcysteine synthetase (17) and glutathione synthetase 
from wheat germ (18), fructokinase from beef liver (19), and 
tyrosine-activating enzyme from pig pancreas (20). The hydro- 
lytic enzymes, 8-galactosidase from Saccharomyces fragilis (21), 
E. coli (22-25), and Bacillus megatherium (26), phenolsulfatase 
from A. aerogenes (27), and lipoprotein lipase from chicken adi- 
pose tissue (28) were also found to require these ions for maximal 


1A. P. Levin and B. Magasanik, unpublished results. 
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activity as was the pyridoxal phosphate-requiring tryptophanase 
from E. coli (29). 

With 8-galactosidase not only the activity but also the sub- 
strate specificity was dependent on the type of monovalent cation 
predominating in the reaction media (25). In the present studies 
we have noted an increase in the apparent affinity of the enzyme 
glycerol dehydrogenase for glycerol with an increase in NH,* 
concentration, which suggests that the monovalent cation is 
involved in the formation of the enzyme-substrate complex. 


SUMMARY 


An inducible diphosphopyricine nucleotide-linked glycerol 
dehydrogenase which converts glycerol to dihydroxyacetone was 
purified from a strain of Aerobacier aerogenes. ‘The enzyme was 
fairly heat stable and its glycerol dehydrogenating activity was 
maximal at pH 9. The enzyme was found to require NH,t, K+, 
or Rb*+ for activity and was not activated by Nat and Lit. The 
apparent affinity of the enzyme for glycerol was greatly increased 
and the maximal velocity slightly by NH,*. The enzyme activ- 
ity was found to be strongly inhibited by Zn*+ and also by 
chelating agents such as a,a-dipyridyl and 8-quinolinol. In 
addition to glycerol, the enzyme was observed to attack 1 ,2- 
propanediol, 1-chloro-2,3-propanediol, and glycerol a-mono- 
methyl ether at significant rates. 


REFERENCES 


1. MAGASANIK, B., Brooks, M. S., AND KariBiANn, D., J. Bac- 
teriol., 66, 611 (1953). 

2. Rusu, D., Karrsian, D., Karnovsky, M. L., AND MAGASANIK, 
B., J. Biol. Chem., 226, 891 (1957). 

3. Burton, R. M., anp Kaptan, N. O., J. Am. Chem. Soc., 76, 
1005 (1953). 

4. Burton, R. M., in S. P. Cotowick anp N. O. Kapuan (Edi- 
tors), Methods in enzymology, Vol. I, Academic Press, Inc., 
New York, 1955, p. 397. 

5. Asnis, R. E., anv Bropieg, A. F., J. Biol. Chem., 203, 153 


(1953). 


E.C.C. Lin and B. Magasanik 


1 
1 


12. 
13. 
14. 
15. 


16. 
17. 


NER Sp 


6 
7 
8. 
9 
0 
1 


1823 


. Brooke, M. S., MaGasanik, B., J. Bacteriol. 68, 727 


(1954). 


. Kern, D., Hartreg, E. F., Proc. Roy. Soc. (London) 


B, 124, 397 (1938). 
Lowry, O. H., Rosesrovueu, N.J., Farr, A. L., AnD RANDALL, 
R. J., J. Biol. Chem., 193, 265 (1951). 


. Kacumar, J. F., anp Boyer, P. D., J. Biol. Chem., 200, 669 


(1953). 


. Buack, 8., Arch. Biochem. Biophys., 34, 86 (1951). 
. Miustern, C., anp Stoppant, A. O. M., Biochim. et Biophys. 


Acta, 28, 218 (1958). 

MaGasaNIk, B., Moyen, H.S., anp GEHRING, L. B., J. Biol. 
Chem., 226, 339 (1957). 

Boyer, P. D., Larpy, H. A., ANp Puiuips, P. H., J. Biol. 
Chem., 149, 529 (1943). 

BicueEr, T., AND PFLEIDERER, G., in 8S. P. CoLowick Aanpb N. O. 
Kap.an (Editors), Methods in enzymology, Vol. I, Academic 
Press, Inc., New York, 1955, p. 435. 

STADTMAN, E. R., J. Biol. Chem., 196, 527 (1952). 

Von Korrr, R. W., J. Biol. Chem., 208, 265 (1953). 

WEBSTER, G. C., AND VARNER, J. E., Arch. Biochem. Biophys., 
562, 22 (1954). 


. WEBsTER, G. C., AND VARNER, J. E., Arch. Biochem. Biophys., 


55, 95 (1955). 


. Parks, R. E., Jr., BEN-GERsHoM, E., aNp Larpy, H. A., J. 


Biol. Chem., 227, 231 (1957). 


. ScHWEET, R. S., Hotter, R. W., anp Auuen, E. H., Arch. 


Biochem. Biophys., 71, 311 (1957). 


. CapuTTo, R., LeEtorr, L. F., ano Trucco, R. E., Enzymologia, 


12, 350 (1948). 


. LEDERBERG, J., J. Bacteriol., 60, 381 (1950). 
. Kusy, 8. A., anp Larpy, H. A., J. Am. Chem. Soc., 75, 890 


(1953). 


. Coun, M., AND Monon, J., Biochim. et Biophys. Acta, 7, 153 


(1951). 
Coun, M., Bacteriol. Revs., 21, 140 (1957). 


. LANDMAN, O. E., Biochim. et Biophys. Acta, 23, 558 (1957). 
. Harapa, T., AND Kono, K., Nippon Négei-kagaku Kaishi, 28, 


608 (1954); Chem. Abstr., 52, 20295 (1958). 


. Korn, E. D., ano Quia.ieEy, T. W., Jr., J. Biol. Chem., 226, 


833 (1957). 


. Happoup, F. C., BEEcuey, R. B., in E. M. Croox (Edi- 


tor), Metals and enzyme activity, Cambridge University 
Press, London, 1958, p. 52. 


6 
al 
1- 
| 
| 
18 
20 
1 
) 
| 


Tue JouRNAL OF BioLoGicaL CHEMISTRY 
Vol. 235, No. 6, June 1960 
Printed in U.S.A. 


The Effect of Aerobic Metabolism on the Inducible 
Glycerol Dehydrogenase of 
Aerobacter aerogenes* 


Epmunp C. C. Lin, ALFRED P. LEVIN, AND Boris MAGASANIK 


From the Departments of Biological Chemistry and of Bacteriology and Immunology, Harvard Medical School, 
Boston, Massachusetts 


(Received for publication, November 24, 1959) 


Aerobacter aerogenes strain 1033 can utilize glycerol as sole 
source of carbon and energy under aerobic and anaerobic con- 
ditions (2). With the aid of isotope enantiomorphs of glycerol- 
1-C™ it could be shown that an important pathway of glycerol 
metabolism in this organism involves dihydroxyacetone as an 
intermediate between glycerol and pyruvate (3). The validity 
of this conclusion was strengthened by the demonstration that 
extracts of this organism contain an inducible diphosphopyri- 
dine nucleotide-linked glycerol dehydrogenase (3, 4). Further 
support comes from the finding, reported here, that these ex- 
tracts contain also an inducible specific dihydroxyacetone ki- 
nase. However, as will be shown, this pathway of glycerol 
metabolism can be used by the cell only under relatively an- 
aerobic conditions. Under strongly aerobic conditions glycerol 
is apparently metabolized by a pathway identical with the one 
previously discovered in another organism, Aerobacter aerogenes 
strain 1041 (2, 3): conversion to L-a-glycerophosphate, followed 
by the oxidation of this compound to triose phosphate. The 
failure of the cell, under aerobic conditions, to metabolize glyc- 
erol through dihydroxyacetone seems to be explained by an 
unexpected property of the diphosphopyridine nucleotide-linked 
glycerol dehydrogenase: this enzyme is rapidly destroyed in the 
intact cell engaged in aerobic metabolism. 


EXPERIMENTAL PROCEDURE 


Source and Culture of Bacteria—Aerobacter aerogenes strain 
P14, a guanine-requiring mutant, and strain 5-P14, a mutant 
requiring arginine as well as guanine, both derived from strain 
1033, were used in these studies. The basal medium for growing 
these cells as well as the procedures for harvesting the cells and 
preparing the cell-free extracts has been described (4). The 
medium for strain 5-P14 contained in addition L-arginine at a 
level of 100 wg per ml. | 

Chemicals—Crystalline ATP obtained from Sigma Chemical 
Company was used in all the assays. Dihydroxyacetone was 
obtained from Mann Research Laboratories, 2,4-dinitropheno] 

| 


* This work was supported by the William F. Milton Fund of 
Harvard University, Research Grants RG-5669 and RG-3554 of 
the National Institutes of Health, and Research Grant G-7479 
of the National Science Foundation. Part of this work was pre- 
sented before the American Society of Biological Chemists, 
Atlantic City, New Jersey, April 1959 (1). 


from Eastman Organic Chemicals, and chloramphenicol from 
Parke, Davis and Company. 

Determination of Glycerol—The periodic acid-chromotropic 
acid method described by Korn (5) was used to determine the 
glycerol concentration in culture media. 

Assay of Glycerol Dehydrogenase Activity—The assay of glyc- 
erol dehydrogenase activity has been described in another com- 
munication (4). The specific activities of all the enzymes 
studied are expressed in terms of uwmoles, or pequivalents, of 
products formed per minute per milligram of protein at 
standard temperatures, 25° for glycerol dehydrogenase and 
35° for the “kinases” and ‘“‘adenosine triphosphatase”’. 

Assay of Kinase Activities—The phosphorylation of glycerol, 
dihydroxyacetone, and glucose is expected to yield 1 equivalent 
of ionizable hydrogen after the transfer of each mole of phos- 
phate from ATP to the hydroxyl group of the substrate. The 
acid production which was dependent on both the ATP and the 
substrate is, therefore, assumed to be an expression of the kinase 
activity. The reactions were carried out in a small glass vessel 
with a constant temperature water jacket maintained at 35°. 
The pH in the medium was maintained at 7.2 during the course 
of the assay by means of an automatic titrator (model TTT la 
Radiometer, Copenhagen) which controlled the release of 0.02 
n NaOH from a finely calibrated burette into the reaction mix- 
ture. The enzyme was first incubated with NaF, MgCl, and 
ATP each at 4 X 10-3 m in a total volume of 9.7 ml. The basal 
rate of acid production by ATP hydrolysis was followed for 1 
to 2 minutes. At zero time, 300 umoles of the substrate (glyc- 
erol, dihydroxyacetone, or glucose) in 0.3 ml were added. The 
increase in the rate of acid formation upon this addition was 
usually about 5 times the basal rate and the reaction was fol- 
lowed for another 2 to 3 minutes with readings after each 15 
seconds. The initial slope minus the basal slope was used to 
calculate the kinase activity. 

Assay of Adenosine Triphosphatase Activity—In the present 
studies the activity in the crude cell-free extract causing the 
liberation of acidic groups from ATP was operationally defined 
as the adenosine triphosphatase activity. It was measured 
titrimetrically by the method described above. The enzyme 
was first incubated with 4 x 10-* m MgCl, for several minutes 
during the temperature equilibration. The pH was kept at 9.0 
during the course of the assay. At zero time ATP, previously 
titrated to pH 9.0, was added to give a final concentration of 
4X Mo. 
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RESULTS 


Fluctuation of Glycerol Dehydrogenase and Dihydroxyacetone 
Kinase Levels during Growth—In the course of studies on the 
induction of glycerol dehydrogenase in the guanine-requiring 
mutant of Aerobacter aerogenes, it was noticed that the specific 
activity of this enzyme in cells harvested during exponential 
growth was generally one-fourth that of cells harvested at the 
beginning of the stationary phase. In these experiments glyc- 
erol was the sole carbon and energy source, and the cells were 
routinely grown aerobically with shaking in 1-liter cultures in 
Erlenmeyer flasks of 2-liter capacity. In addition to glycerol 
dehydrogenase, growth on glycerol also induced the formation 
of a kinase which acted on dihydroxyacetone. The specific 
activity of this enzyme also increased after half-maximal growth 
of the culture (Table I). In order to see whether the prefer- 
ential accumulation of these two enzymes constituted a specific 
metabolic response to the changing growth environment, we 
also measured the specific activities of two other enzymes not 
presumed to be directly and specifically related to glycerol me- 
tabolism. As may be seen (Table I), the concentrations of 
these two enzymes, glucose kinase and adenosine triphosphatase, 
remained fairly constant during the experiment. 

Another experiment demonstrated that the specific activity of 
glycerol dehydrogenase changed in a similar manner when cells 
were grown on dihydroxyacetone instead of glycerol as the sole 
carbon source (Table I). 

Finally it was observed that when cells were grown on 0.2% 
glycerol to the stationary phase and then reinoculated at low 
population density into fresh medium containing 0.2% glycerol, 
the high specific activity of the dehydrogenase decreased rapidly 
and remained low until the new culture had passed through half 
of its maximal growth. Thereupon, a rapid increase in cellular 
enzyme content occurred and completed the cycle (Fig. 1). In 
this experiment it was also shown that the substrate in the me- 
dium was exhausted as growth came to an end. 

It seemed possible that the increase in the specific activity of 
glycerol dehydrogenase which occurs during the phase of de- 
celerating growth may be related to the lowering of the concen- 
tration of glycerol or to the lowering of the oxygen tension of the 
medium, brought about by the large respiring cell population. 
A series of experiments in which the glycerol concentration and 
the oxygen tension of the medium were varied independently 
was therefore carried out. 

In one experiment, cells which had been previously grown on 
glycerol were planted into three culture flasks. In the first 
flask the medium contained 0.6% glycerol and in the second it 
contained 0.2% glycerol. Glycerol in numerous small install- 
ments was added to the third flask so as to limit the rate of 
growth. All three cultures were harvested at about the same 
population density which corresponded to full growth of the 
culture containing 0.2% glycerol. If the fali in the glycerol 
concentration in the medium actually occasioned the increased 
rate of glycerol dehydrogenase accumulation, then one would 
expect the specific activity of the enzyme to remain low in the 
first culture in which there was an excess of glycerol throughout 
the experiment, to be high in the second culture in which growth 
had ceased because of glycerol exhaustion, and to be very high 
in the last culture in which the concentration of glycerol had 
always been low enough to limit the rate of growth. As may be 
seen in Fig. 2, the observed results differed from this expecta- 
tion; the culture containing an excess of glycerol nevertheless 
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TaBLeE [ 
Variation of enzyme activities with population growth 
Phase of growth 
Carbon source Enzyme 
Exponential* | Stationaryt 
unil/mg protein 
Glycerol...... Glycerol dehydrogenase 0.15 0.68 
Dihydroxy- 
acetone..... Glycerol dehydrogenase 0.10 0.35 
Glycerol...... Dihydroxyacetone kinase 0.04 0.14 
Glycerol...... Glucose kinase 0.21 0.20 
Glycerol...... Adenosine triphosphatase 0.12 0.11 


* Harvested at one-third maximal growth. 
t Harvested at maximal growth. 


ARBITRARY UNITS 


HOURS 
Fic. 1. Variation of glycerol dehydrogenase specific activity 


during growth. Units on the ordinate are arbitrary. Data are 
from 8 separate cultures each with a 500-ml volume, except the 
first point which was obtained from a 1000-ml culture. At each 
of the time intervals one culture was harvested for measurement 
of population density (@——@), specific activity of glycerol de- 


hydrogenase (X——>X) (initial activity 0.61 umole per minute 


per mg of protein), and glycerol concentration in the growth me- 
dium (O——O) (initial concentration at 0.2%). The cells which 
were used to begin the experiment were previously grown on 0.2% 
glycerol to stationary phase. 


achieved a high level of glycerol dehydrogenase, whereas the 
culture in which the growth was limited by glycerol contained 
almost no glycerol dehydrogenase. These results show clearly 
that the fall of the glycerol concentration in the medium cannot 
be responsible for the preferential accumulation of glycerol de- 
hydrogenase. 

In another experiment, cells were harvested from the sta- 
tionary phase of growth on 0.2% glycerol and were resuspended 
at low cell density in fresh medium in four 2-liter Erlenmeyer 
flasks in the following volumes: 1000, 500, 200, and 200 ml. The 
flasks were placed on the same shaker in the incubator room. 
The flask containing the smallest culture volume should be best 
aerated. The growth of the cultures is represented by the 
curves in Fig. 3. At the time indicated by the arrow, one of 
the 200-ml cultures was flushed with a gentle stream of 95% 
O. and 5% COz. The growth curves show that aeration was 
not optimal for growth in the first two flasks containing the 
larger culture volumes; the growth in the 200-ml culture was 
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Fic. 3. The effect of oxygenation on the formation of glycero 
| | | | | dehydrogenase. A single starting culture was inoculated into 
0.1 four 2-liter Erlenmeyer flasks in decreasing volumes: 1000 ml 
re) i 2 3 4 5 6 (@——®), 500 ml (O——O), 200 ml (X——X) and 200 ml (Ci— 
HOURS —Q)). At the time indicated by the arrow 95% oxygen and 5% 
The cultures were 


Fic. 2. Effect of glycerol concentration in growth media on the 
formation of glycerol dehydrogenase. Cells previously grown on 
0.2% glycerol to stationary phase were inoculated into fresh basal 
media containing 0.6% glycerol (x——X), 0.2% glycerol (@—— 
@), and no carbon source (O——QO). Glycerol was added in 
numerous pulses into the last flask as indicated by the bars on the 
abscissa. A total of 1.15 g of glycerol was added and the relative 
amount of each addition is represented by the height of the bar. 
The total culture volume in each case was 500 ml and all flasks 
were placed on a New Brunswick rotary action flask shaker oper- 
ated at about 150 cycles per minute in a room maintained at 37°. 
At the end of the growth curves the cells were harvested. The 
specific activities of glycerol dehydrogenase are given in the inset. 


most rapid and also gave the best yield. Further increase in 
the oxygen tension by bubbling with oxygen depressed the rate 
of growth. The cells were harvested at the end of the growth 
curves, and the glycerol dehydrogenase activities were meas- 
ured. The inset of Fig. 3 shows that the levels of the enzymes 
are inversely related to oxygenation during growth. 

Additional experiments excluded the possibility that the fail- 
ure to detect glycerol dehydrogenase in cells grown at high oxygen 
tension was due to the presence of excessive DPNH-oxidase 
activity in the extracts of these cells. It can be seen in Fig. 4 
that the extract from aerobically grown cells displaying little 
glycerol dehydrogenase activity, but containing 3 times the usual 
amount of protein required for the assay, did not significantly 
depress the enzyme activity of extracts prepared from anaerobi- 
cally grown cells. Moreover, the extract from aerobically 
grown cells did not oxidize DPNH at an appreciable rate under 
the conditions of the glycerol dehydrogenase assay. 

It may therefore be concluded that oxygen prevents the ap- 
pearance of glycerol dehydrogenase activity in the cells, and 
that the increase in the level of the enzyme during the decelera- 
tion of the growth rate in cultures growing in the usual way, 
that is, 1 liter of culture in a flask of 2-liter capacity, occurs 
because with increasing cell density the oxygen tension decreases 
despite vigorous shaking at 150 cycles per minute. 


CO, were bubbled through the last flask (0). 
incubated as described in the legend to Fig. 2. The specific ac- 
tivities of glycerol dehydrogenase in the cells harvested from each 
of the cultures at the end of the experiment are given at bottom 
right. 
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Fic, 4. Deficiency of glycerol dehydrogenase in cells grown 
under high oxygen tension. Curve A represents the rate of DPN 
reduction catalyzed by 0.05 ml of extract (0.17 mg of protein) 
from cells grown in a 1000-ml culture under air. Curve B repre- 
sents the rate with 0.1 ml of extract (0.49 mg of protein) from cells 
grown in a 200-ml culture under oxygen gas. At the time marked 
by the arrow, 0.05 ml of the first extract (A) was added. Curve 
C shows the effect of 0.1 ml of extract from the cells grown under 
high oxygen tension on exogenously added DPNH under the con- 
ditions of assay. 


Aerobic and Anaerobic Pathways of Glycerol Utilization—The 
low levels of glycerol dehydrogenase of cells growing aerobically 
on glycerol prompted us to search for another pathway which 
would permit the cell to utilize glycerol under aerobic conditions. 
Previously it had been found that the pyruvate formed from 
enantiomorphs of glycerol-1-C™ by resting cells of Aerobacter 
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aerogenes strain 1033 harvested from the stationary phase of 
growth, did not have exactly the same radioactivity in carbons 
1 and 3. This slightly uneven labeling seemed to indicate that 
perhaps one-fifth of the pyruvate formed from glycerol had not 
arisen by way of the dihydroxyacetone molecule with its sterically 
equivalent primary carbinol groups. Extracts of these cells 
were found to contain an enzyme capable of catalyzing the 
uptake of oxygen and the reduction of methylene blue in the 
presence of L-a-glycerophosphate without added DPN (3). 
However, no glycerol kinase activity could be detected in 
these extracts. 

With the use of a more adequate assay method for kinases it 
has now been possible to demonstrate glycerol kinase activity in 
extracts of the glycerol-grown cells (Table II). It can be seen 
that oxygenation during growth results in increased kinase and 
diminished dehydrogenase levels. Glycerol appears to be the 
inducer of both enzymes; glucose-grown cells whether cultivated 
aerobically or anaerobically contain little or no glycerol kinase 
or glycerol dehydrogenase. 

The failure to detect the glycerol kinase activity in the previ- 
ous work (3) might be attributrable either to the inadequate 
assay system or to the fact that the enzyme preparation had 
been dialyzed overnight against tap water. Preliminary studies 
on the properties of the glycerol kinase indicate that the enzyme 
is labile and that the rate of its spontaneous inactivation in ex- 
tracts is more rapid than that of the dihydroxyacetone kinase. 

It seems therefore that the organism converts glycerol to triose 
phosphate by two different pathways, depending on the oxygen 
tension of the medium: under conditions of low oxygen tension 
dihydroxyacetone is formed from glycerol by transfer of hydrogen 
to DPN, and is subsequently phosphorylated; when the oxygen 
tension is high, glycerol is phosphorylated and the resulting L- 
a-glycerophosphate is subsequently oxidized. 

Inactivation of Glycerol Dehydrogenase during Aerobic Metab- 
olism—The results presented so far have shown that high oxygen 
tension in the growth medium results in low glycerol dehydro- 
genase levels. Inspection of the experiment illustrated in Fig. 1 
suggests that the effect of the increase in oxygen tension is not 
merely the arrest of further synthesis of the enzyme, but the 
actual destruction of enzyme existing in the cells; the decline in 
enzymatic activity upon transfer of the cells to the new medium 
is too fast to be accounted for by the dilution of the existing 
enzyme by the synthesis of other proteins. This destruction is 
clearly demonstrated in Fig. 5 where changes in cell population 
and the total glycerol dehydrogenase content of cells placed in 
different media are compared. The loss of activity occurred 
most rapidly in 0.2% glucose, less so in 0.2% glycerol, and was 
not appreciable in 0.04% glycerol, although the growth rates 
of the cells under these conditions were very similar. When 
2 < 10-*M arsenite was added to the 0.2% glycerol medium, 
growth was inhibited and the loss of the glycerol dehydrogenase 
in the culture was prevented. 

Further experimentation revealed that the inactivation of 
glycerol dehydrogenase occurs independently of growth; cells 
deprived of ammonium sulfate, their source of nitrogen, or of 
guanine, a required growth factor, lost the enzymatic activity 
just as rapidly as the cells suspended in the complete growth 
medium. Similarly the arrest of protein synthesis by the addi- 
tion of 10 wg per ml of chloramphenicol did not prevent the loss 
of enzymatic activity. A 100-fold change in the hydrogen ion 
concentration of the medium did not affect this rate of enzyme 
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TaBLeE II 
Effect of oxygenation on two glycerol pathways 


Growth condition ‘Glycerol dehydrogenase Glycerol kinase 


unti/mg protein 


95% O2-5% 0.008 0.59 
Air 1.14 0.25 
C: 97 
> 0=100 
” A= 16 _ 
B= 41 
a 
WWJ 
O 
1Or- 


0 0.5 1.0 1.5 
HOURS 


Fic. 5. Inactivation of glycerol dehydrogenase activity in vivo. 
Cells previously grown to a stationary phase on 0.2% glycerol 
were harvested and reinoculated into fresh media containing 0.2% 
glucose (A), 0.2% glycerol (B), and 0.04% glycerol (C), and 0.2% 
glycerol with arsenite at 2 X 10-m (D). Units in cell density are 
given as per cent of full growth on 0.2% glycerol. Numbers given 
at the right of the curves represent the per cent of the total start- 
ing glycerol dehydrogenase activity in the culture remaining at 
the end of incubation which was carried out under air. The 
culture volume was 500 ml in each case. 


disappearance. The activity was lost at equal rates at pH 6.0, 
7.0, or 8.0. 3 

On the other hand, both oxygen and energy-yielding metab- 
olism are necessary for the inactivation; cells incubated in the 
absence of an exogenous energy source under air or even under 
an atmosphere of 95% Oz, or cells incubated with glucose under 
an atmosphere of nitrogen, retain their glycerol dehydrogenase; 
addition of 1 x 10-* m 2,4-dinitrophenol to an aerobically incu- 
bated culture containing glycerol diminished the rate of the loss 
of enzyme by 50%. 

The inactivation of the enzyme appears to be an irreversible 
process; anaerobically grown cells, which had lost their glycerol 
dehydrogenase activity by exposure to glucose under aerobic 
conditions for 14 hours failed to regain this enzymatic activity 
when incubated anaerobically in a medium in which protein 
synthesis was prevented either by omission of glycerol, the source 
of energy and carbon, or by omission of the required growth 
factor, guanine, or by the addition of chloramphenicol. Only 
cells incubated anaerobically with glycerol in a medium capable 
of supporting growth accumulated glycerol dehydrogenase. 

In order to discover whether the destruction of glycerol dehy- 
drogenase releases amino acids that can be used for the synthesis 
of other proteins, we performed an experiment with strain 5-P14, 
& mutan* requiring both arginine and guanine. Previously it 
had b ca shown that this mutant rapidly forms 1M P-dehydro- 
genase when incubated in a medium free of guanine. The for- 
mation of this enzyme requires amino acids; omission of arginine 
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from the medium prevents the appearance of IMP-dehydro- 
genase.| We grew the mutant anaerobically on glycerol, in 
order to obtain a high level of glycerol dehydrogenase, and sub- 
sequently incubated it under air in a glucose medium free from 
guanine and arginine; the glycerol dehydrogenase level fell rap- 
idly, but no appreciable IMP-dehydrogenase was produced un- 
less exogenous arginine was added. Thus the experiment failed 
to show that the destruction of glycerol dehydrogenase produces 
sufficient arginine to permit the synthesis of another enzyme. 


DISCUSSION 


It has been well established that the enzymatic composition 
of bacterial cells is strongly influenced by their environment. 
In general, regulation of the rate of enzyme formation by repres- 
sors and inducers tends to select for rapid synthesis those en- 
zymes whose function is essential or useful for growth in the 
particular medium. Evolution of such specific controls would 
enhance the metabolic efficiency of the cell by reducing redundant 
biosynthesis (6, 7). | 

In most cases when the formation of an enzyme is suppressed 
as a result of either the withdrawal of an inducer or the addition 
of a repressor, the enzyme units already existing are not destroyed 
and are lost only through dilution by cell duplication (8). A 
different phenomenon has now been encountered in the case of 
the DPN-linked glycerol dehydrogenase of Aerobacter aerogenes, 
whose activity is rapidly lost when anaerobically glycerol-grown 
cells are allowed to metabolize under conditions of strong aeration 
or oxygenation. The rate of disappearance of this enzymatic 
activity is much more rapid than can be accounted for by dilu- 
tion through new protein synthesis, and occurs even when glyc- 
erol itself is the compound metabolized aerobically. 

The ability of the cells to grow aerobically on glycerol is 
explained by the existence of two enzymes catalyzing the con- 
version of glycerol to triose phosphate with L-a-glycerophos- 
phate, rather than dihydroxyacetone, as the intermediate. The 
formation of these two enzymes, glycerol kinase and L-a-glycero- 
phosphate dehydrogenase, is induced by glycerol and enhanced 
by oxygenation of the culture. This pathway of glycerol metab- 
olism, which is the only one found in another strain of Aerobacter 
aerogenes (2, 3), apparently cannot serve under anaerobic con- 
ditions because the dehydrogenation of L-a-glycerophosphate is 
not linked to DPN but requires oxygen as the ultimate hydrogen 
acceptor. For anaerobic growth on glycerol, the DPN-linked 
glycerol dehydrogenase appears to be indispensable.? 

The destruction of glycerol dehydrogenase activity does not 
seem to be due to the inherent instability of the enzyme. It 
occurs only in intact cells during the aerobic metabolism of car- 
bon compounds and seems to reflect the energy released by this 
process. The degradation of glucose, which is known to produce 
an intracellular poo] of high energy metabolites more rapidly 
than that of glycerol (11), also brings about the faster loss of 
glycerol dehydrogenase activity; and the addition of 2 ,4-dinitro- 
phenol, which is known to diminish the supply of energy provided 
by aerobic metabolism, also decreases the rate of loss of glycerol 


1A. P. Levin and B. Magasanik, unpublished results. 

? Two pathways for glycerol utilization have been reported in 
Acetobacter suborydans (9,10). In this organism the formation of 
dihydroxyacetone was catalyzed by a DPN-independent enzyme, 
whereas the formation of the triose phosphate was catalyzed by 
a DPN-dependent enzyme. It would be interesting to find out 
how oxygen tension affects the formation of these two enzyme 
systems. 


Oxygen and Glycerol Metabolism 


Vol. 235, No. 6 


dehydrogenase activity. Once lo&t, the glycerol dehydrogenase 
can be regained only under conditions that permit the synthesis 
of new protein; the process of destruction therefore seems to be 
irreversible. 

The loss of activity may be due to inactivation or to the hy- 
drolysis of the protein molecule into its constituent amino acids. 
A mechanism permitting the cell to liquidate a superfluous pro- 
tein molecule and to use its constituent amino acids for the 
synthesis of essential proteins, may have survival value. How- 
ever, it was not possible to demonstrate that the destruction of 
glycerol dehydrogenase releases arginine needed for the synthesis 
of another enzyme; we are inclined, therefore, on the basis of 
this negative evidence to attribute the loss of enzyme activity 
to inactivation and cannot claim a physiological role for this 
process. It is possible that a protein molecule, in order to re- 
main enzymatically active during oxidative metabolism, must 
possess certain structural features. Enzymes whose presence is 
neither required nor useful under these conditions, would fail to 
acquire the features essential for this stability through the process 
of evolution. 

Several other cases have been reported in the literature in 
which aeration of a culture resulted in lowered enzyme levels. 
These include glyceraidehyde phosphate dehydrogenase and 
phosphofructokinase in Pasteurella pestis (12), alcohol dehydro- 


genase in Saccaromyces cervisiae (13), nitrate reductase in Pseu- , 


domonas aeruginosa (14), the L-threonine deaminase described 
by Wood and Gunsalus (15), and other enzymes deaminating 
glycine, L-aspartate, pt-serine, and L-glutamate in Escherichia 
colt (16-18). Whether in these cases the effect of aeration was 
to depress enzyme formation or increase enzyme destruction, or 
both, also remains to be shown. 


SUMMARY 


Aerobacter aerogenes strain 1033 metabolizes glycerol under an- 
aerobic conditions by the conversion to triose phosphate, cata- 
lyzed by an inducible, diphosphopyridine nucleotide-linked glyc- 
ero] dehydrogenase and an inducible dihydroxyacetone kinase. 
The activity of the glycerol dehydrogenase is lost in intact cells 
during the aerobic metabolism of carbon compounds, and the 
rate of the destruction of this enzyme activity seems to reflect 
the energy released by the aerobic process. Consequently, cells 
cultivated aerobically on glycerol possess low levels of glycerol 
dehydrogenase. In these cells, glycerol is also metabolized by 
conversion to triose phosphate, but this conversion is catalyzed 
by an inducible glycerol kinase and an inducible L-a-glycero- 
phosphate dehydrogenase, which is not linked to diphosphopyr- 
idine nucleotide but uses oxygen as the ultimate hydrogen ac- 
ceptor. 
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The Mechanism of the Glutamic Dehydrogenase Reaction 


I. THE MOLECULARITY OF THE FIRST COMPLEX FORMED* 
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The increase in the fluorescence of DPNH caused by the ad- 
dition of glutamic dehydrogenase and the further enhancement 
of that increase by the reduced substrate of that enzyme have 
been reported by Winer and Schwert (1), who interpreted these 
phenomena as evidence of complex formation. Similar phenom- 
ena have been described for other coenzyme I linked dehydro- 
genases (2, 3), but in no case has proof been obtained directly 
relating the observed phenomena to complexes actually shown 
by kinetic evidence to be directly in the reaction sequence. 

This paper presents evidence that the observed fluorescence 
increase is in fact a direct measure of the active enzyme-reduced 
coenzyme complex, and assigns to that complex a definite posi- 
tion in the kinetically determined reaction sequence. The results 
of related experiments which provide direct support for that 
kinetically determined reaction sequence are described.! 


EXPERIMENTAL 


Materials—DPN, enzymatically reduced DPNH, and enzy- 
matically reduced TPNH were obtained from Sigma Chemical 
Company. a-Ketoglutaric acid was purchased from Mann Re- 
search Laboratories. 1-Glutamic acid was purchased from Cal- 
ifornia Corporation for Biochemical Research. Hyamine 10-x 
was a gift of Rohm and Haas. The polyethylene-capped, 5- 
dram, low potassium glass vials used for tritium assays were 
purchased from the Wheaton Glass Company. Mallinckrodt 
AR grade toluene was used as a solvent for tritium counting. 
Tritiated water, tritiated toluene, 1 ,4-di(2[5-phenyloxazoly]]) 
benzene, and 2,5-diphenyloxazole were products of New England 
Nuclear Corporation. 

Crystalline beef liver glutamic dehydrogenase was obtained as 
sodium sulfate, ammonium sulfate, or sodium phosphate sus- 
pensions from C. F. Boehringer und Soehne, Mannheim, Ger- 
many, and from Sigma Chemical Company. No differences were 
noted between the various preparations, aside from stability and 
ammonium ion concentration. Crystalline bovine plasma al- 
bumin was obtained from Armour and Company. _Triply glass- 
distilled water kept free from contact with rubber and Tygon 
tubing was used to make all solutions used in spectrofluorometric 
measurements. Hyamine solution was prepared by the method 
of Passman et al. (4). 


* This work was supported in part by Research Grant No. 
RG-5638, from the National Institutes of Health, United States 
Public Health Service. 

1 Preliminary reports of this work were presented at the meeting 
of the Federation of American Societies for Experimental Biology, 
April 13 to 17, 1959, and at the 136th meeting of the American 
Chemical Society, Atlantic City, September 1959. 


Trittum Assays—All tritium samples were counted in a 
Packard Tri-Carb liquid scintillation spectrometer at 10°. A 
sealed tritiated toluene standard vial was counted daily. Dis- 
criminator settings used were 10, 80, and 100 volts. Each vial 
was counted at the high voltage tap giving maximal counting 
rate for that specific vial. Ten milliliters of a stock solution 
(containing 3 g of 2,5-diphenyloxazole, 0.05 g of 1 ,4-di(2[pheny]- 
oxazolyl]) benzene made up to a volume of 1 liter with toluene) 
was mixed with 5 ml of absolute ethanol, 1 ml of 0.5 m methanolic 
Hyamine solution, and 0.5 ml of water containing the sample to 
be counted. Vials were incubated at 10° in the dark for at least 
30 minutes before counting. Each vial was counted to a total 
count of at least 70,000 counts above background. Background 
averages were about 41 c.p.m., of which 38 c.p.m. were due to 
K* in the glass of the vial, “‘cross talk’’ between photomultipliers, 
and other nonquenchable phenomena, and the remainder to the 
natural radioactivity of the solvent system. Two-tenths milli- 
liter of a known solution of tritiated toluene was then added to 
each vial as an internal standard and the vial was recounted. 
The specific activity of the sample was then calculated by the 
following equation which takes into account the fact that the 
portion of the background due to the glass vial and to “acciden- 
tals” is not quenched by the contents, but that all of the rest of 
the total count is so quenched. 


+V-B 
c.p.m. per mg 


Specific activity = 


where: 


A = c.p.m. of vial before standard is added 

A’ = ¢.p.m. of vial after standard is added 

V =c.p.m. of empty vial 

B =c.p.m. of vial containing all components except standard 
and sample 

S = c.p.m. of vial containing all components except sample 

mg = number of mg of sample in vial 


Kinetic Technique—Kinetic measurements were carried out 
with the use of the 0 to 0.1 absorbancy scales of either a Process 
and Instruments or a Cary model 11 recording spectrophotom- 
eter. For high concentrations of DPNH, the pen was brought 
on scale by high absorbancy reference cells, by neutral density 
screen filters, and by electrical balancing. To insure that initial 
rates were being measured, each point was checked with at least 
two different enzyme concentrations. Where data from several 
different days were to be compared, several runs were made each 
day under at least one set of conditions common to all of the 
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various days’ runs, and a suitable factor for enzyme concentra- 
tion thus calculated and applied. All results reported here were 
carried out in 0.2 m phosphate buffer, pH 7.6, at a temperature 
of 27.5°. 

Fluorescence Measurements—These were recorded with a Far- 
rand spectrofluorometer equipped with a Varian recorder. This 
instrument was originally equipped with a Hanovia xenon arc 
lamp as a light source, but in later work an Osram XBO-162 
lamp was used. Slits providing a nominal band pass of 20 mu 
were used together with a Corning No. 7-54 filter in front of the 
cell and a Corning No. 3-73 after it. An RCA No. 1 P21 photo- 
multiplier tube was used for all measurements reported here. 
Rectangular cells (10 * 20 mm) were used, the longest dimen- 
sion of the cell being oriented in the direction of fluorescence 
emission. An opaque plate was placed between the light source 
and the cell at all times when readings were not being made. A 
solution containing 0.018 mg of quinine sulfate per liter of 0.1 N 
H.SO, was used as a standard and all data referred to the in- 
tensity of the fluorescence of that solution. 

Equilibrium Dialysis Binding Studies—In a typical experiment, 
5 ml of a sodium phosphate suspension of glutamic dehydrogenase 
were centrifuged and the supernatant discarded. The precip- 
itated enzyme was made up to its previous volume with a solution 
of tritiated a-ketoglutarate in 0.2 m phosphate buffer, pH 7.6. 
Two milliliters of this solution were pipetted into a dialysis bag 
made of carefully washed 10-mm Nojax dialysis tubing. The 
bag was tied at both ends and placed in a glass stoppered test 
tube. A buffered solution (2 ml), containing tritiated a-keto- 
glutarate and 10 mg per ml of bovine plasma albumin, was then 
added to the tube. The tube was fastened to the end of a stirrer 
at a 45° angle and thus rotated for about 2 hours, a time which 
was found sufficient to reach practical equilibrium. Aliquots, 
0.2 ml, were removed from the inside and outside solutions before 
and after equilibration. 


RESULTS 


Identity of Apparent Michaelis Constant with Dissociation Con- 
stant of the Enzyme-reduced Coenzyme Complex—The dependence 
of the velocity of the reaction on the reduced coenzyme concen- 
tration is shown in Fig. 1 for two different concentrations of 
a-ketoglutarate. These data correspond to an expression of the 
form: 

v= 
(1 + Ka/[A])(1 + Kx/[B)) 
where [A] and [B] represent the concentrations of a-ketoglutarate 
and TPNH, respectively, and V’, the maximum velocity, is a 
function of the concentration of the third component, ammo- 
nium ion, which is held constant. 

Frieden (5) has shown that in a system conforming to this 
expression (as shown by the intersection of the straight lines at 
the abscissa), the determined is identical with 
the dissociation constant of the first complex formed.? 

Identity of Increase in Fluorescence Intensity with the Forma- 


2 At the time the preliminary account of these kinetic results 
was presented, Dr. Carl Frieden described to us detailed kinetic 
studies on glutamic dehydrogenase which were in general agree- 
ment with our work, and pointed out the advantages of using 
TPNH rather than DPNH for such work. We are indebted to 
Dr. Frieden for several helpful discussions of the interpretation 
of the kinetic data, and for making his manuscript (6) available 
to us before its publication. 
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(A) 


(B) 


-1/Km 


-,025 0.05 
1DPNH | 


Fig. 1. Reciprocal velocity versus reciprocal DPNH concentra- 
tion. Ammonium chloride concentration was 0.15 m. Initial 
concentrations of a-ketoglutaric acid were (A) 5.56 XK 10-4 m, and 
(B) 11.1 K 10-4 M. 


0.2 
1/(TPNH)( 


Fic. 2. Reciprocal increase in fluorescence of TPNH at con- 
stant concentration of enzyme versus reciprocal TPNH concentra- 
tion. Enzyme concentration was 3 X 1077 m. 


mation of Initial Complex—Fig. 2 shows the dependence on the 
reduced coenzyme concentration of that increase in the intensity 
of fluorescence of TPNH caused by the addition of the enzyme. 
It is apparent that despite a difference of 2 « 10* in enzyme con- 
centration between kinetic and fluorescence measurements, the 
data show the same hyperbolic dependence on substrate concen- 
tration as do initial velocities, and further, yield the same value 
for the apparent K,, as that obtained by Frieden for TPNH (6), 
and confirmed by us (unpublished results). This correspondence 
establishes the identity of the fluorescence increase with the 
formation of the first complex of the reaction sequence. 

Identity of Initial Complex with Enzyme-reduced Coenzyme 
Complex—In order to prove that the first step in the reaction 
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mechanism is the combination of reduced coenzyme and glu- 
tamic dehydrogenase to form a complex, it is now only necessary 
to demonstrate that such a complex can be formed in the ab- 
sence of ammonium ion. This is a rather difficult technical 
problem because glutamic dehydrogenase, even after prolonged 
dialysis, contains a small amount of tightly bound ammonium 
ion, and because the formation of a fluorometrically detectable 
complex requires stoichiometric amounts of enzyme. 

In the experiment shown in Fig. 3, we made use of the enhance- 
ment of the fluorescence increase caused by addition of gluta- 
mate, first reported by Winer and Schwert (1). It will be noted 
that this phenomenon is time dependent, and in the course of 
some 50 minutes magnifies by about 5-fold the increase in fluo- 
rescence caused by the addition of a small amount of enzyme. 
The addition of glutamate has no effect on the fluorescence of 
either enzyme or coenzyme in the absence of the third component. 


oomn 
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Fic. 3. Fluorescence emission spectra obtained with low con- 
centrations of enzyme. Exciting wave length was 340 mu. (A) 
1.25 X 10°'m DPNH. (B) After addition of 0.1 ml sodium sulfate 
suspension of glutamic dehydrogenase, final concentration, 3 X 
10-* m. (Fluorescence of the enzyme itself at this concentration 
is negligible.) (C) Immediately after addition of 0.1 ml sodium 
glutamate, final concentration, 6.7 X 10-4 m. (D) After 10 min. 
After 20min. After 50min. All solutions were made up 
in 0.2 m phosphate buffer, pH 7.6. These tracings of originay 
recordings are not corrected for dilution by addition of reagents 
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Fic. 4. Tracing of original record of maximum point of Fig. 3 
(F) against time. Exciting wave length, 340 my. Wave length 
of fluorescence emission, 453 my. (A) Addition of 0.1 ml a-keto- 
gilutarate, final concentration, 2.78 K 10-4 m. (8B) After 10-min 
interval. (C) Addition of 0.1 ml ammonium chloride, final con- 
centration, 1.67 X 10°? m. Tracing of original recording, not cor- 
rected for dilution by addition of reagents. 


Mechanism of the Glutamic Dehydrogenase Reaction 


Fig. 4 is a plot against time of the maximum of the highest 
curve in Fig. 3. The addition of a considerable excess of a-keto- 
glutarate causes a small decrease in total fluorescence, since 
reductive amination proceeds until the small amount of ammo- 
nium ion present is used up. A further small decrease in fluo- 
rescence takes place at a slow rate. This latter decrease may be 
due to displacement of bound glutamate by a-ketoglutarate. 
In any case, the system is now clearly free of ammonium ion, 
yet the complex is still present. Ammonium chloride is now 
added to the system at the point indicated on the figure, and the 
reaction proceeds at a speed faster than the pen response of the 
spectrofluorometer, showing that it was only the total absence 
of ammonium ion that prevented the reaction from occurring. 

Inability of Glutamic Dehydrogenase to Bind a-Ketoglutarate in 
the Absence of Reduced Coenzyme—Equilibrium dialysis experi- 
ments were carried out to determine whether or not the enzyme 
is able to bind a-ketoglutarate in the absence of TPNH. The 
results are summarized in Table I. In all cases studied thus far, 
at all levels of a-ketoglutarate, and at all temperatures employed, 
both in the presence of and in the absence of nonenzyme protein 
in the outer compartment, no binding of a-ketoglutarate by 
glutamic dehydrogenase has been found. Preliminary experi- 
ments showed that even with the large excess of supporting 
electrolyte over a-ketoglutarate, the binding of a-ketoglutarate 
by glutamic dehydrogenase was less than the uncertainty of the 
results due to the Donnan equilibrium effect. Other rather 
crude preliminary experiments showed that binding of a-keto- 
glutarate by albumin was extremely small. It was then found 
by trial and error that the conditions employed in Experiments 
2 and 3 in Table I resulted in equal volumes in the inner and 
outer compartments at equilibrium. It will be noticed, however, 
that under such conditions, the small nonspecific binding of 


TABLE I 
The binding of a-ketoglutarate by glutamic dehydrogenase 


The columns labeled “In’’ and ‘‘Out”’ refer to solutions inside 
and outside of the dialysis tubing. The a-ketoglutaric acid used 
in Experiment 1 was £8-t, a-ketoglutaric acid prepared by ex- 
change. The a-ketoglutaric acid used in the other experiments 
was a generally labeled compound prepared by the Wilzbach 
procedure. The a-ketoglutarate concentration was calculated 
from the known specific activity of the a-ketoglutarate. In Ex- 
periment 1, 80 mg of enzyme were used; in the remaining experi- 
ments, 40 mg. Percentage of total sites bound was calculated on 
the basis of 10 active binding sites per enzyme molecule. The 
negative signs appearing in the last two columns indicate the 
presence at equilibrium of more a-ketoglutarate in the albumin- 
containing compartment than in the glutamic dehydrogenase- 
containing compartment. 


Activity at start ‘Activity at finish oe ketoglu- |P ta 
Exper-| |Activity at start |Activity at finis a- yey e 
— concen- | bound by| enzyme 
ce tration at} enzyme | sites bond 
| In | Out In Out finish 
| c.p.m. K 108/ml  c.p.m. XK 10*/ml mM mm X 1074 
l 27 0.845 1.150 0.966, 0.935 0.74 —0.15 — 2 
2 4 155.4; 180.5, 156.8) 171.9; 1.16 —0.42 —10 
3 27 155.4!) 180.5) 159.0 gripe 1.16 —0.36 — 9 
4 4 75.0 57.0 64.3 68.6 0.46 —0.08 — 2 
5 | 27 | 75.0, 57.0) 63.9 66.8 0.46 | —0.12| — 3 
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a-ketoglutarate by albumin is greater than that by the enzyme 
itself. That this result, which is quite reproducible, is not due 
to failure to establish equilibrium, is shown in Experiment 3, 
in which the initial concentration of a-ketoglutarate is greater 
in the inner compartment than in the outer one; these conditions 
are reversed at the end of the experiment. An experiment iden- 
tical to Experiment 1 was performed with DPN added to the 
reaction mixture; the results were identical with those of Experi- 
ment 1. 


DISCUSSION 


Alteration of some specific property of a reaction system (such 
as absorption or fluorescence spectra) caused by the addition of 
another component of that system to an enzyme solution is not 
in itself sufficient to establish that phenomenon as evidence for, 
or a measure of, a complex which actually participates in the 
reaction. In order to establish the identity of an experimentally 
observed entity with a given, kinetically required complex, it is 
necessary to correlate the properties of that entity with the 
kinetics of the reaction. Chance (7) has described the require- 
ments for such correlation. 

The kinetic evidence shown in Figs. 1 and 2 establishes the 
identity of the apparent K,, of the reaction with the dissociation 
constant of the first complex formed in the reaction; proves that 
the first complex formed is the enzyme-reduced coenzyme com- 
plex; and identifies the increase in fluorescence of TPNH caused 
by addition of enzyme with that active complex. These three 
conclusions are valid, if, and only if, there is an obligatory order 
of complex formation. The lack of binding of a-ketoglutarate 
by the enzyme in the absence of reduced coenzyme permits us 
to discard the mechanism which requires a completely random 
order of complex formation. 

Frieden (6) has ruled out the possibility of a totally random 
order of complex formation on the basis of the dependence of 
certain kinetic parameters on the ammonium ion concentration. 
His results are consistent with an assumed mechanism involving 
a totally compulsory order of complex formation, the enzyme 
combining successively with TPNH, ammonium ion, and a-keto- 
glutarate. Similar kinetic studies, with DPNH, in our own 
laboratory are in general agreement with his findings (unpub- 
lished work). The work described above, although based 
initially on kinetic evidence itself, does provide direct physical 
proof of several of the steps of the kinetically established mech- 
anism and is in disagreement with none of them. 

Frieden (8) has shown the existence of two kinds of nucleotide- 
binding sites on the glutamic dehydrogenase molecule. Sites of 
the first kind, which he designates as “‘active”’ sites, are involved 
in the catalysis of the stoichiometric reaction. Sites of the 
second kind, designated as “inactive” sites, are involved in the 
dissociation of the enzyme molecule. The active site is capable 
of binding both DPNH and TPNH; the inactive site cannot 
bind TPNH. Since, as shown in Figs. 1 and 2, the fluorescence 
increase is obtained with TPNH as well as with DPNH, the 
phenomenon itself is clearly associated with the active site. 

There is some further significance in the lack of binding of 
a-ketoglutarate by enzyme in the absence of reduced coenzyme. 
The interpretation of kinetic evidence must be considered with 
regard to certain limitations inherent in the kinetic method itself. 
Since the data are in all cases expressed in terms of the rate of 
TPNH disappearance, the phrase, “... for the oxidation of 
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TPNH to take place,’’ must be understood to follow each con- 
clusion. In other words, it would be quite consistent with the 
kinetic data to postulate the formation of “abortive” complexes 
in other sequences, so long only as they cannot lead to the final 
quaternary complex and thus produce a kinetically discernible 
event. The binding experiments described here, however, do 
exclude the existence of an enzyme-a-ketoglutarate complex. 

It is particularly significant to note that we have also excluded 
the possibility of formation of an enzyme-DPN-a-ketoglutarate 
complex. We conclude, then, that the reduced nicotinamide 
moiety is necessary for the binding of a-ketoglutarate. Steric 
considerations make it seem likely that the carboxyl group a to 
the carbonyl group of a-ketoglutarate is the group bound some- 
where on the reduced nicotinamide ring of the enzyme-bound 
reduced coenzyme. 

The formation of an enzyme-TPNH-a-ketoglutarate complex 
is not permitted in the kinetically established mechanism. How- 
ever, here we cannot exclude the possible formation of an ‘‘abor- 
tive’? complex of this molecularity. The second slow decrease 
in fluorescence of the enzyme-TPNH-glutamate complex, after 
the initial drop caused by the addition of a-ketoglutarate to the 
reaction mixture, may very well be due to the displacement of 
glutamate in that complex leading to the formation of the en- 
zyme-T PNH-a-ketoglutarate complex. The formation of such 
a complex in which the binding of ammonium ion is sterically 
prevented, accounts very simply for the inhibition of the reaction 
by high concentrations of a-ketoglutarate. 

The rapid reaction obtained upon addition of ammonium chlo- 
ride, shown in Fig. 4, cannot occur by the binding of the ammo- 
nium moiety to the enzyme-TPNH-a-ketoglutarate complex. 
Any enzyme molecule tied up in such an “abortive” ternary 
complex, can enter the direct reaction scheme only by dissoci- 
ating to the binary enzyme-TPNH complex and then recombin- 


ENZYME 


YME 
+ 
TPNH 
[ENZYME | 
i | 


Fic. 5. Scheme summarizing the various complexes discussed 
in the text. Solid lines indicate steps that have been shown to 
exist. Broken lines indicate steps which have been shown not to 
occur. 
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ing with ammonia. In the experiment shown in Fig. 4, the 
concentration of enzyme and the resulting rate of reaction after 
addition of ammonium chloride are so large that any lag in the 
reaction rate due to the necessity of such a dissociation step 
could not possibly be observed in the recorder tracing. 

The results of the binding experiments provide an explanation 
for the negative results obtained in isotope exchange experiments 
performed in several laboratories. These include the lack of 
exchange of O between water and a-ketoglutarate in the pres- 
ence of glutamic dehydrogenase and ammonium ion,?: ‘ the lack 
of exchange of N'* between ammonium ion and L-glutamic acid 
in the presence of the enzyme (by inference), and the slightly 
higher rate of enolization of a-ketoglutarate in the over-all reac- 
tion (as measured by tritium exchange with solvent) as com- 
pared with control experiments in which only a-ketoglutarate is 
present (9). One explanation suffices for these results: the 
substrate cannot combine with the enzyme. 

The interrelationships of the molecularities of the various 
complexes involved in the ultimate formation of the quaternary 
complex—including proved, disproved and theoretically possible 
complexes—are summarized in Fig. 5. 


3S. Englard, personal communication. 
4C. Frieden, personal communication. 


Mechanism of the Glutamic Dehydrogenase Reaction 


SUMMARY 


1. The first step in the glutamic dehydrogenase reaction is 
the formation of a complex between the reduced coenzyme and 
the ‘‘active”’ site of the enzyme. 

2. The increase in the fluorescence of TPNH caused by addi- 
tion of enzyme is a direct measure of the formation of that com- 


plex. 
3. a-Ketoglutarate cannot combine with the enzyme itself, 
but only with the enzyme-reduced coenzyme complex. 
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The aerobic oxidation of sulfite proceeds by a free radical chain 
reaction (1-4) which may be initiated by any process that effects 
either the univalent oxidation of sulfite or the univalent reduction 
of oxygen. One of several possible representations of the chain 
propagating reactions is as follows: 


X + SO;- — + SO;- 
+ O2 SO; + 
O.- + Ht — HO:: 
HO:- + SO;- — HO. + etc. 


The aerobic oxidation of sulfite thus provides a magnified mano- 
metric response to the chain initiating event. Advantage was 
taken of this circumstance to develop an ultrasensitive assay for 
milk xanthine oxidase (5). The data obtained were consistent 
with the hypothesis that xanthine oxidase, when acting on purine 
substrates, initiates the aerobic oxidation of sulfite by the genera- 
tion of free radicals (6). Several dyes have been found to initiate 
the oxidation of sulfite when exposed to light, thus permitting 
ultrasensitive manometric actinometry (7). It appeared fea- 
sible, through the use of flow mixing techniques, to utilize the 
initiation of the oxidation of sulfite as a device to investigate 
the stability of the radicals generated in illuminated dye solu- 


tions. 


MATERIALS AND METHODS 


The stability of free radicals generated by the illumination of 
dye solutions was examined with a flow mixing device, shown in 
Fig. 1, patterned after those used by Hartridge and Roughton 
(8) and Roughton and Milliken (9). A Clark oxygen electrode 
(10), obtained from the Yellow Springs Instrument Company, 
Yellow Springs, Ohio, connected to a suitable microammeter, 
was used to detect changes in oxygen tension. Reservoir A, 
capacity 1 liter, contained dye dissolved in 0.05 m potassium 
phosphate, pH 7.8. Reservoir B contained freshly prepared 
0.040 m Na2SO; in the same buffer which contained, in addition, 
0.005% Versene(ethylenediaminetetraacetate)-Fe-III. All solu- 
tions were prepared in distilled water which had been passed 
through a mixed béd resin deionizer. Gas pressure, controlled 
by the depth to which tube C was immersed in the water column, 
forced the contents of the reservoirs through the capillaries, D 
and E, into the reaction chamber and finally out the overflow 
tube F. The capillaries were 1 meter long with a 2 mm bore. 
The entire apparatus, exclusive of the reservoirs, was jacketed 


* These studies were supported in part by Contract AT-(40-1)- 
289 between Duke University and the United States Atomic En- 
ergy Commission and by Grant RG-91 from the National Insti- 
tutes of Health, United States Public Health Service. 


and maintained at 28° by vigorous circulation of water from a 
large constant temperature bath. The entire apparatus, includ- 
ing the capillaries and their jackets, was covered with black tape 
to exclude light, except for 2 cm windows, Wo, W:, W2, and so 
forth. These windows were covered by opaque sliding tubes 
when notin use. Asan additional precaution against stray light, 
the apparatus was used in a darkened room. Illumination at 
the various windows was accomplished with a 100-watt tungsten 
lamp in a brass case lined with aluminum foil whose exit slit fit 
closely over the windows in tube D. The volume of capillary D 
from the centers of the various windows to junction J was deter- 
mined with a micrometer of the type employed for calibration of 
Warburg manometers. Flow rates were measured by collecting 
the overflow from tube F. Time of flow from any given window 
to the junction, was calculated as the quotient of hold-up volume 
over flow rate. In some experiments, e.g. that shown in Fig. 4, 
motor driven 100-ml syringes replaced the gas pressure-impelled 


reservoirs A and B. The hold-up volume of the reaction chamber 


was approximately 5 ml and the flow rate usually used was 0.5 
ml per second. The contents of the reaction chamber were agi- 
tated by a magnetically driven polyethylene covered bar. Care 
was taken to prevent bubbles of air from being trapped under the 
oxygen electrode. 

Chloroplasts were preparec. from the leaves of Trifolium repens 
L. by the procedure of Chiba (11). Chlorophyll-lipoprotein com- 
plex was prepared from the same source according to Takashima 
(12). Chlorophyll a and b were prepared from sunflower leaves 
by the method of Strain and Manning (13). Ethyl chlorophyl- 
lide a was obtained by the procedure of Holt and Jacobs (14). 
Various suspensions were prepared by rapidly mixing alcoholic 
solutions with 10 volumes of cold buffer followed by dialysis 
against buffer to remove the alcohol. 


RESULTS 


Detection of Stable Free Radicals—I\lumination of 2 x 10-5 Mm 
methylene blue at window 0, 1.e. after confluence with the sulfite 
stream, resulted in rapid consumption of oxygen, whereas illu- 
mination at window 1, 2 seconds before confluence, did not re- 
sult in oxygen consumption. When dye solution was replaced 
by buffer, no consumption of oxygen occurred in response to illu- 
mination at window 0. This indicated that methylene blue ini- 
tiates sulfite oxidation when illuminated in the presence of sulfite, 
under the specific conditions here employed, but produced no 
radicals sufficiently stable to survive the 2 second flow time from 
window / to the junction. Of more significance, the negative re- 
sults obtained when methylene blue was illuminated at window 1 
established that light directed into window / did not significantly 
scatter within the capillary to the junction and that heat from 
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Fic. 1. Flow mixing device for the detection of stable free radi- 
cals generated by illumination of dye solutions. 
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Fic. 2. Effects of illumination of 10-4 m flavin mononucleotide 

in the presence (@——@) and absence (O——O) of oxygen. I- 

lumination was through windows 0, 1, 2, 3, and 4 during periods 

1, 3, 5, 7, and 9, respectively; the solution was not illuminated 
during periods 2, 4, 6, 8, and 10. 


the lamp did not reach the electrode in sufficient quantity to cause 
deflection of the microammeter. 

Careful exclusion of oxygen from solutions of flavin mononucle- 
otide proved necessary to demonstrate the photo-production of 
stable free radicals. Removal of oxygen was achieved by vigor- 
ous boiling for 5 minutes followed by cooling under a stream of 
prepurified nitrogen (Matheson Company) which had been freed 
of any residual oxygen by passage through two scrubbers of 
Fieser’s solution (15). For these experiments the flow device 
shown in Fig. 1 was modified to permit continual gassing with 
nitrogen of the dye solution in reservoir A. As shown in Fig. 2, 
flavin mononucleotide solutions containing oxygen produced de- 
tectable radicals when illuminated at window / (0.5 second before 
confluence) but illumination at more remote windows elicited no 
significant response. In contrast, the response to illumination of 
a relatively oxygen-free solution of flavin mononucleotide was 
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equally great whether the flow time was 0.5 second (window 1), 
5.0 seconds (window 3) or 8.0 seconds (window 4). (The gradual 
decrease of galvanometer reading with time is due to slow spon- 
taneous oxidation of sulfite in reservoir B.) Thus, the radicals 
generated by illumination of flavin mononucleotide are stable in 
the absence of oxygen but not in its presence. Long lived free 
radicals, generated by illumination, were similarly demonstrable 
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MINUTES 

Fic. 3. Initiation of sulfite oxidation by illuminated chlorophyll 
a. Oxygen consumption was measured in standard Warburg mi- 
crorespirometers which contained 0.015 umole per ml of chlorophyll 
a suspended in 0.050m potassium phosphate, pH 7.8 (@——@®@). 
Each flask contained 20 umoles of sodium sulfite in a final volume 
of 2.2 ml. The control vessel (O——O) lacked chlorophyll. II- 
lumination was provided by four 100-watt tungsten lamps sus- 
pended 15 cm above the bath surface. 
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Fia. 4. Effects of illumination of an aqueous suspension of ethy] 
chlorophyllide a, 10-‘ M, on the aerobic oxidation cf sulfite. The 
solution was illuminated at windows 0 and 1 during periods 1 and 
3, respectively, and was in the dark during period 2. 


J 
(Gas Microommeter oir 
if: 
= = = = — \ - lu 
Flea 
Stirer 120 SI 
tk 
| ill 
80 
| 60 
er 
| ill 
bl 
ra 
| | pr 
Li 
te 
Sis 
20 | 

Tl 
SO 
| SO 
du 
ph 
° ho 
Ne se. 
qu 
en 
un 
lif 
ca, 
th 
su 
lui 
TI 
th 
col 
J of 
| Wl 
res 
ber 
ser 
tec 

XUM 


June 1960 


in solutions of methylene blue only when oxygen was carefully 
excluded. 

Fig. 3 illustrates the ability of suspensions of sunflower leaf 
chlorophyll a to initiate the oxidation of sulfite in response to il- 
lumination. Suspensions of whole chloroplasts or of chlorophyll- 
lipoprotein complex gave a similar manometric response to illu- 
mination. Various modifications of the chlorophyll structure did 
not eliminate the ability to initiate the oxidation of sulfite in re- 
sponse to illumination; thus, ethyl chlorophyllides a and 6 as well 
as the corresponding pheophorbides were also active in this re- 


' spect. The behavior of suspensions of ethy] chlorophyllide a was 


then examined in the flow mixing device. As shown in Fig. 4, 
illumination at window 0 resulted in rapid consumption of oxygen 
whereas illumination at window 1 (2 seconds before confluence) 
resulted in a slower but significant rate of oxygen consumption. 
These results contrast with those obtained with aerobic solutions 
of methylene blue and indicate that the free radicals photo-pro- 
duced in suspensions of ethyl chlorophyllide a are stable for sev- 
eral seconds even in the presence of oxygen. 


DISCUSSION 


The results obtained with the flow mixing device indicate that 
illumination of dilute aqueous solutions of dyes such as methylene 
blue and flavin mononucleotide results in the generation of free 
radicals which are stable in the absence of oxygen but not in its 
presence. Similar results have been reported by Commoner and 
Lippincott (16) who used the electron spin resonance spectrome- 
ter to detect free radicals. These observations appear to be con- 
sistent with the following reaction scheme: 


Dye + hy — dye* (1) 
Dye* + R:H — dye-H + R- (2) 
Dye-H + — dye + HO:: (3) 


The dye molecule, excited by absorption of a quantum of light, 
accepts a single electron from R:H which may be an organic 
solute, water, or sulfite, when the latter is already present in the 
solution. Reaction 2 may be presumed to occur in the photore- 
duction of methylene blue by many substances, e.g. reduced di- 
phosphopyridine nucleotide (17). The resultant dye radical, 
however generated, was found to be relatively stable in the ab- 
sence of oxygen; this stability may be presumed to be a conse- 
quence of the highly resonant structure of the dye. In the pres- 
ence of oxygen the dye radical would be expected to relinquish its 
unpaired electron, yielding the perhydroxyl radical whose half- 
life is known to be relatively brief (18). Each of the various radi- 
cals generated in Reactions 2 and 3 should be capable of initiating 
the aerobic oxidation of sulfite, but only the dye radical would be 
sufficiently stable to survive the flow time from the point of il- 
lumination to the point of junction with the stream of sulfite. 
The flow device, therefore, provides a relatively simple tool for 
the study of these radicals. The crude device described above 
could readily be refined in several respects to permit estimation 
of the half-lives of such radicals under a variety of conditions. 
The generation of univalently reduced chlorophyll by reaction 
with the solvent, in response to illumination, as well as the ready 
reaction of the reduced chlorophyll with oxygen, have previously 
been suggested (19, 20). Various instances of oxidations photo- 
sensitized by chlorophyll have been reported (21-23) and the gen- 
eration of free radicals in illuminated chlorophyll has been de- 
tected by initiation of methyl methacrylate polymerization (24) 
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and by electron spin resonance spectrometry (25, 26). It may, 
therefore, not appear surprising that it was possible to demon- 
strate the production of free radicals by the initiation of sulfite 
oxidation. However, the various chlorophyll preparations here 
used were aqueous suspensions and such suspensions have been 
reported to be unable to photosensitize the oxidation of ascorbate 
whereas alcoholic solutions of chlorophyll were readily able to do 
so (20). The demonstration of free radical production under the 
conditions used, therefore, indicates the remarkable sensitivity of 
the initiation of sulfite oxidation as a radical detector. 

Rutter (27) has reported that illuminated solutions of flavin 
mononucleotide cause the reduction of ferric ion under anaerobic 
conditions and the oxidation of ferrous ion under aerobic condi- 
tions. ‘These observations are consistent with the reaction se- 
quence described above (Reactions 1 to 3) and may be explained 
by the reducing properties of the dye radical generated in Reac- 
tion 2 and by the oxidizing properties of the perhydroxy] radical 
generated in Reaction 3. Similar oxidations and reductions 
caused by illuminated solutions of flavin have been reported by 
Merkel and Nickerson (28) and by Vernon (29). The latter 
author demonstrated the photoreduction of cytochrome c by 
flavin mononucleotide. An indication that such activity is not 
restricted to flavins is shown in Fig. 5. It will be seen that illu- 
mination of methylene blue caused the reduction of ferricyto- 
chrome c under anaerobic conditions but oxidation of ferrocyto- 
chrome c under aerobic conditions. Similar experiments in which 
suspensions of chloroplasts replace the dye, have been reported 
(30). These results suggest the possibility that photoreduction 
of pyridine-coenzymes by chloroplasts (31-33) may involve simi- 
larly generated free radical reductants. 

Photoreduction of flavin, per se, or of other electron acceptors 


_by flavins has occasionally been interpreted as indicative of the 


photolysis of water (28, 29, 34). The possibility that the actual 
reductant of the excited dye was an organic solute rather than 


MINUTES 

Fic. 5. Oxidation and reduction of cytochrome c photosensi- 
tized by methylene blue. Each cuvette contained 0.1 umole of 
cytochrome c and 0.1 umole of methylene blue in a final volume of 
3.0 ml buffered as in Fig. 3. Illumination was provided by a 100- 
watt tungsten lamp at a distance of 10cm. Gassing was accom- 
plished by bubbling with the indicated gas from time 0 to 20 min- 
utes when, as indicated by the arrows, the gases were exchanged 
for the remainder of the experiment. 
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water cannot be excluded since, in these studies, illumination of 
the dyes was done in the presence of relatively high concentra- 
tions of ethylenediaminetetraacetate or of tris(hydroxymethy]l)- 
aminomethane. ‘The ability of several dyes to photosensitize the 
oxidation of a variety of nitrogenous compounds, including ethy]- 
enediaminetetraacetate, has been well documented (35, 36). The 
photoreduction of a variety of metal ions by Versene, sensitized 
by dyes, has been shown to involve photooxidation of the Versene 
by the illuminated dye followed by reduction of the metal by the 
leuco-dye thus generated (37). The demonstration by Vernon 
(29) of the production of hydrogen peroxide during illumination 
of flavin mononucleotide under anaerobic conditions would con- 
stitute compelling evidence for the photolysis of water if the com- 
plete exclusion of oxygen from the system could be assured. The 
photolysis of water by a dye in simple solution appears to be an 
unlikely event since it is estimated that the energy content of at 
least two quanta of visible light would be required to cleave the 
hydrogen-oxygen bond of water (38, 39). The radicals detected 
under “‘anaerobic”’ conditions in the flow mixing device were pro- 
duced in dilute solutions of the dyes in phosphate buffer contain- 
ing no other known organic solute and, thus, again suggest the 
photolysis of water. However, here too the possibility that other 
dye molecules might have acted as electron donors or that traces 
of organic impurities in the water served in this capacity cannot 
definitely be excluded. 


SUMMARY 


Free radicals generated by illumination of dye solutions were 
shown to initiate the aerobic oxidation of sulfite. Advantage was 
taken of this fact to construct a flow mixing device capable of de- 
tecting and estimating the stability of such radicals. The results 
are consistent with those obtained by electron spin resonance 
spectrometry. The oxidizing and reducing properties of solu- 
tions of illuminated dyes is discussed. 
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Present methods of free radical detection in biological material 
leave much to be desired with respect to sensitivity and con- 
venience. It has been possible only under exceptional conditions 
to show the presence of free radicals during an enzyme reaction 
by electron spin resonance. This was accomplished by Beinert 
and Sands (1) and recently, for xanthine oxidase, by Bray et 
al. (2). Chemical methods have been used by Parravano (3) 
and by Fridovich and Handler (4). Both the latter methods 
depended on chain reactions to increase the inherent sensitivity 
and require a lapse of time for integration. The possible use of 
the chemiluminescent substances 5-amino-2,3-dihydrophthal- 
azine-1 ,4-dione (luminol) and 10, 10’-dimethy]1-9 ,9’-biacridylium 
nitrate for radical detection during enzyme action has been under 
investigation in our laboratory for some time. It was recently 
shown that the intensity of the luminescence produced when 
dimethylbiacridylium nitrate was present during substrate oxida- 
tion by xanthine oxidase appeared to be unrelated to total end- 
product concentration, but seemed to provide a measure of reac- 
tion velocity (5-7). The present results clearly show that the 
light intensity in the system liver xanthine oxidase-hypoxanthine- 
luminol is related to the reaction velocity and not to the end- 
product concentration. 

It was also shown previously (6, 8) that the light intensity 
produced when either chemiluminescent substance is present 
during xanthine oxidase action can be reduced by sulfhydryl 
compounds, in agreement with the hypothesis that the light is 
the result of oxidizing radicals reacting with the chemilumines- 
cent substrate. Therefore, it appears likely that the lumines- 
cence is the result of the production of O-- or OH radicals during 
the oxidation, by oxygen, of reduced enzyme. If this should 
prove to be the correct interpretation, it follows that the life- 
time of the “semiquinone” state of the enzyme molecule (or 
enzyme substrate complex) should be determinable from knowl- 
edge of the concentration of the reactants, the temperature, and 
the quantum yield of the luminescent reaction. The present 
experiments show that, as a possible measure of radical forma- 
tion this method may be many orders of magnitude more sensi- 
tive than those commonly used and is, furthermore, of the 
‘instantaneous’ type. 

The experiments reported herein were conducted with calf 
liver xanthine oxidase and with luminol. The latter chemi- 
luminescent substance was used because it does not itself act 
as a hydrogen acceptor and apparently does not react with 
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cyanide, thus making interpretation of the results simpler than 
is the case with dimethylbiacridylium nitrate. Luminol appears 
to be quite nonspecific in its action, since it will emit light if 
present during the autoxidation of many hydroquinones reduced 
by nonenzymatic means. Rostorfer and Cormier (9) have re- 
ported that in the presence of luminol much more light than that 
expected from the H,O2 formed is observed during the reduction 
of oxyhemoglobin by such agents as phenylhydrazine. They 
have also suggested that this may be due to radical formation 
during the reaction. The present work demonstrates the useful- 
ness of the method for study of the reaction kinetics of certain 
oxidative enzymes. 


EXPERIMENTAL METHODS 


The xanthine oxidase was prepared from calf liver by the 
method of Kielley (10). From their activity on xanthine at 20° 
in pyrophosphate buffer pH 8.3 (11) the preparations used were 


-estimated to be 8 to 10% pure, based on a Qi of 1.5 and Qo, of 


1500 for the pure enzyme with a molecular weight of 300,000 as 
suggested by Kielley. The values given for the constants deter- 
mined must be corrected for the actual molar concentration of 
enzyme when the activity of the pure enzyme becomes known. 

The 5-amino-2,3-dihydrophthalazine-1 ,4-dione was obtained 
from Eastman Kodak Company, and used without further purifi- 
cation. The purine substrates were from Schwarz Laboratories. 
Dimethylbiacridylium nitrate was prepared by the method of 
Decker and Petsch (12). 

Light measurements were conducted as previously outlined 
(7). For the time intensity curves, galvanometer readings were 
taken at 10-second intervals. At the conclusion of the test addi- 
tional substrate was added to provide proof that only the sub- 
strate was limiting. In all cases additional light was emitted 
upon such addition. 

To insure adequate acceptor concentration, oxygen was bub- 
bled through the tubes during the time intensity measurements. 
KCN at 0.0067 m was present in all experiments reported except 
where otherwise indicated. The temperature is indicated in the 
legends for the figures and tables. 


RESULTS AND DISCUSSION 


During the course of experiments designed to determine 
whether or not the maximal light intensity with either DBA*++! 
or luminol was a true measure of the reaction velocity and could 


1 The abbreviation DBA**, 10,10’-dimethyl-9,9’-biacridylium, 
will be used. 
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Fic. 1. Determination of Michaelis constant for calf liver xan- 
thine oxidase by three methods. Squares, data obtained spectro- 
photometrically by Kalckar’s method (13). Enzyme concentra- 
tion approximately 25 wg per ml, no KCN. Triangles, data 
obtained by measurement of maximal light emission in the presence 
of 2.5 X 10°? m luminol. Enzyme concentration approximately 
54 wg per ml. Filled circles, data obtained by measurement of 
maximal light emission in the presence of 3.1 X 10-§ dimethyl- 
biacridylium nitrate. Enzyme concentration approximately 54 
ug per ml. 

The abscissa gives the reciprocal of the hypoxanthine concen- 
tration. The left ordinate gives Vm/V for use with the spectro- 
photometric measurements and with luminol. The right ordinate 
is similar, but ~/Vm/V for use with the dimethylbiacridylium 
nitrate data. The pH was 10.4 (carbonate buffer), KCN concen- 
tration 0.0067 m, the temperature, 19°. 


TABLE I 


Determination of k3 from K,, and half-time and areas of 
enzyme-substrate complex (p) concentrations as 
determined by light emission* 


Kach tube contained 5.9 X 1077 moles of calf liver xanthine 
oxidase in 0.50 m phosphate buffer pH 7.5, 0.8 wmoles of luminol, 
0.1 ml of 0.01 N KCN, the indicated amounts of hypoxanthine, 
and 0.10 N Na2CO; to a total volume of 1.6 ml. The final pH was 
10.4 and temperature 19°. 


Maximum 
tration flectiont | 
u xX 106 um xX 10° sec | sec™! 
6.25 120 1.87 93 | 3.60 1.82 3.44 
10.00 145 2.28 115 | 3.85 2.66 3.75 
12.50 160 2.49 132 | 3.81 3.38 3.71 
18.75 185 2.88 170 | 3.85 5.53 3.40 
25.00 130 | 2.80 | 220 | 4.06 | 6.53 | 3.84 
Maxi- 238 3.7 | 
mum | 


* Average k; = 3.73 + 0.064; An = 6.2 K 1075. 

t These deflections differ from those of Fig. 1 because the aper- 
ture in front of the photomultiplier tube was much smaller. 

t Time required for galvanometer deflection to decline by one- 
half. 
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be used as “‘initial velocity” for determination of Michaelis con- 
stants, it was observed that with different preparations of enzyme 
the constants varied. A series of determinations of initia] veloc- 
ity was therefore made with a single enzyme preparation, by 
the method of Kalckar (13) in the Beckman spectrophotometer, 
and using luminescence with DBAt+ and with luminol. The 
results are presented in Fig. 1, which shows V»./V (Sf V/V in 
the case of DBA*+t-nitrate) plotted against the reciprocal of the 
concentration of hypoxanthine. 

Although the results with luminol were not sufficiently good 
for an independent determination of the constants, it may be 
seen that the data are compatible with those obtained with the 
other two methods. It was later determined that part of the 
difficulty with luminol was due to exhaustion of oxygen, or to 
competition between luminol and oxygen. In subsequent experi- 
ments this difficulty was obviated by bubbling oxygen through 
the solutions being examined during the course of the reaction. 

It may also be seen from Fig. 1 that the square root of the light 
intensity with DBA** is related to the substrate concentration, 
as in the case of milk xanthine oxidase previously reported (7). 
This was somewhat unexpected, since according to Kielley (10) 
the liver xanthine oxidase contains only one flavin adenine di- 
nucleotide per molecule, and it was hoped that a difference in 
kinetics might be correlated with the supposed differences in 
structure. Whatever the explanation for the production of 
luminescence, it appears certain from the data of Fig. 1 that 
measurements made of the maximal light intensity, even though 
the maximum may be delayed for seconds or even minutes, are 
equivalent to measurements of initial velocity for purposes of 
calculation of the enzyme constants. 

The shapes of the time intensity curves for luminol-xanthine 
oxidase-hypoxanthine also suggested that light intensity was a 
measure of reaction velocity and a series of experiments with 
increasing concentrations of hypoxanthine and with two different 
preparations of xanthine oxidase (from the same original batch 
but aged at different stages of preparation) were conducted. 
The results are given in Fig. 2and TableI. It may be seen that, 
except for the time scale, the curves of Fig. 2 closely resemble 
those published by Chance (14) for enzyme-substrate complex 
concentration. Chance showed that Briggs-Haldane kinetics 
(15) adequately described the peroxidase-H,O2-acceptor reaction, 
even though later work by Chance and others has shown that 
the actual reactions are more complex. The xanthine oxidase- 
substrate-O2 system is formally similar to the peroxidase system 
and might be expected to follow similar kinetics. Accordingly, 
calculations of k3; (the notations are the same as those used by 
Chance (14)) were made for the two families of curves obtained, 
by means of two of the methods given by Chance (14). The 
pertinent data and the results are given in Table I and Fig. 2. 
From the two Michaelis constants, Km = (ke + ks)/ki, derived 
from the maximal light intensities and the values for ks of 10.6 
and 3.7 sec~! for the two preparations, it may be estimated that 
ke is of the order of 1.9 sec~! and k,, 9 104 mole~sec~, provided 
that only k; differs in the two preparations. Since all the num- 
bers are based upon the estimated purity of the enzyme, they 
may not be considered to be final values. 

As discussed by Dixon and Webb ((16) p. 104), the observed 
Michaelis constant may vary between its true value of k2/k; and 
its maximal value of (k2 + ks3)/k,, depending on the value of ks. 
It would appear, therefore, that the very low values for K,, re- 
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ported occasionally for xanthine oxidase may be actually or 
nearly k2/k,. The value for calf liver xanthine oxidase calculated 
from our own data is 2 X 10-5 at pH 10.4, less than double the 
value for milk xanthine oxidase given by Fridovich and Handler 
(4) in Tris buffer pH 8.5. The low values of K,, may result 
from reduced ability of the enzyme to transfer electrons to Oc. 
This loss of activity, with aging, is well known but the reasons 
for it are obscure. Kinetically, it is equivalent to reducing ks 
and hence K». | 

The highest values found for K,, must be very nearly k3/k, 
if the value of 1.9 sec—! for k, found in the present experiments is 
approximately correct. It is of interest that the values of k; 
determined in the present experiments at pH 10.4 are about the 
same as the values reported for milk xanthine oxidase at pH 7 
by Mackler et al. (17), when appropriate corrections for molecular 
weight are made. The constancy of the values with a given 
preparation of enzyme and with differing substrate concentra- 
tions is strong support for the hypothesis that the light intensity 
is related to the reoxidation rate of the reduced enzyme (or 
enzyme-substrate complex) which appears to be limiting in the 
reaction. It is an interesting point that if the light is in fact 
due to the presence of O.~ radicals formed during the stepwise 
oxidation of the reduced enzyme, its production is entirely owed 
to the fact that O2 acts as a single electron acceptor. 

The values for the three constants estimated in these experi- 
ments are not compatible with the slow attainment of maximal 
intensity shown in some of the time intensity curves. This is 
not an instrumental limitation and is not related to the “indi- 
cator” reaction; therefore, it must have some explanation in the 
behavior of the enzyme. It is thought to be due to the biphasic 
reduction of xanthine oxidase always seen with purine substrates 
(11, 18), since the immediate deflection is always a large fraction 
of the maximal deflection. 

Influence of Cyanide—Since cyanide does not appear to react 
with luminol, its strong enhancement of light intensity (in earlier 
studies (5, 7) it was stated that cyanide had no effect; this was 
due to failure to test an adequate range of cyanide concentration) 
may be due to interference with the passage of H atoms or elec- 
trons from one part of a donor system to oxygen, thus lengthening 
the average life of the semiquinone state and increasing its aver- 
age concentration. Its presence does not appear to affect the 
maximal velocity of hypoxanthine oxidation. It should be em- 
phasized that in no case has KCN been found to be an absolute 
necessity for light production, but its effect may vary with condi- 
tions from a few per cent of enhancement to a 100-fold or more. 
A detailed study of this phenomenon has not been undertaken. 

It is entirely possible that in the completely native state the 
enzyme could transfer two hydrogens so nearly simultaneously 
that no coupled oxidation of luminol would take place in the 
absence of cyanide. There is also a possibility that cyanide 
acts upon traces of heme-containing enzymes which affect elec- 
tron transfer or radical production. 

An order of magnitude estimate of the efficiency of the light 
production may be made from the curves in Fig. 2, and the sensi- 
tivity of the instrument as given by the manufacturer. Un- 
fortunately, there has been no means available to standardize 
more accurately the equipment under the conditions used. 

The photometer is said to have an efficiency of 1 x 10-?° 
lumens per unit scale division when set at maximal sensitivity. 
There are, therefore, 


J.R. Totter, E. C. de Dugros, and C. Riveiro 1841 


700 


«oof 


GALV. DEFLECTION 


0 100 200 300 400 
Time (seconds) 


Fic. 2. Time intensity curves for light emission with various 
concentrations of hypoxanthine in the presence of 5 XK 107 m 
luminol and 1.8 X 10-7 M xanthine oxidase (estimated as described 
in the text); 0.08 N sodium carbonate buffer. The final pH, 10.4; 
temperature, 20°; total volume, 1.6 ml. Hypoxanthine concen- 
tration: @ @, 6.25 mM; 12.5 X m; V-——_-¥,, 
18.7 X 10°5'm; A——A, 25 X Mo. 

Abscissa: time in seconds. Left ordinate, galvanometer de- 
flection; right ordinate, estimated ‘‘ES”’ concentration. Kn = 
13.9 X 10-5; kz; = 10.6 sec™. 


1x 10°" XK 15 X 104 


light quanta of wave length 550 my per second per unit scale 
division deflection falling on the sensitive area of the photo- 
multiplier tube. Correcting for wave length 425 mu the wave 
length of maximal emissions for luminol given by Spruit and 
Spruit-Van der Burgh (19), this would be about 3.2 « 10° quanta 
per second. At this wave length a correction for photomultiplier 
wave length dependence may be neglected. The distance from 
the source center to the sensitive surface is about 4.5 cm and the 
sensitive surface is 1.8 cm?. Therefore, there are 


254 X 3.2 K 10 


= 4. 10° 
1.8 


quanta sec~! produced per unit deflection. In one curve on Fig. 
1, for example, there are 119,000 unit seconds of light produced 
during the oxidation of 3 X 10-’ moles of hypoxanthine. There- 
fore, there are produced 


119 10° K 4.5 X 10? 


= 3x 10° 
6 10% 3 X 107 


quanta per molecule of hypoxanthine utilized, or 1.5 x 107-5 
quanta per molecule of O» utilized in the oxidation of hypoxan- 
thine. The quantum efficiency of luminol oxidation was given 
by Harris and Parker (20) as 0.003. This value is a measure of — 
the sensitivity theoretically obtainable if each oxidation repre- 
sents one radical. On this basis, the coupled oxidation of luminol 
by xanthine oxidase is about 0.5% efficient. However, it seems 
likely that the value of 0.003 is much lower than the actual value 
under the conditions used in the present experiments. The 
coupled oxidation efficiency may be much lower, therefore, and 
the ultimate sensitivity of radical ‘detection’ correspondingly 


higher. 
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SUMMARY 


A study of light production by luminol during the oxidation 
of hypoxanthine by O2 has been made. It was shown that calf 
liver xanthine oxidase behaves according to Briggs-Haldane 
kinetics with a value at pH 10.4 and 20° for k; of 9 * 104 mole 
sec7!; ke, about 1.9 sec~!; and k; varying, according to the prepa- 
ration of enzyme, up to as high as 10.6 sec— based on Qo, of 1500 
and molecular weight of 300,000 for the pure enzyme. 

The intensity of light produced in the presence of luminol 
appeared to be directly related to the reaction velocity of the 
enzyme-catalyzed reaction. These results were tentatively inter- 
preted as indicating that the reduced molecule is oxidized in more 
than one step with the production of O.- or OH radicals and 
with luminol competing successfully for a small fraction of the 
radicals. 

It is suggested that the production of light by enzyme reactions 
in the presence of luminol may be used as a general test for the 
momentary presence of oxidizing radicals. 
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In previous publications, conditions have been described by 
which photophosphorylation by spinach chloroplasts was greatly 
stimulated by or dependent upon the presence of oxygen. Thus, 
when flavin mononucleotide or menadione is used as a catalytic 
cofactor for photophosphorylation at concentrations too low to 
give maximal anaerobic rates, adenosine triphosphate synthesis 
is greatly stimulated by oxygen (1). If the dye 2,3’ ,6-trichloro- 
phenol indophenol is used as the cofactor, the light-induced syn- 
thesis of adenosine triphosphate is also dependent on the presence 
of oxygen (2). In the above systems, the oxygen stimula- 
tion occurs with catalytic amounts of cofactors under circum- 
stances in which there is little or no demonstrable net consump- 
tion or production of oxygen. ‘Two possible modes for the action 
of oxygen could apply. On the one hand, oxygen might act by 
oxidizing some catalytic chloroplast component and so poise it in 
a state more advantageous for photophosphorylation. On the 
other hand, oxygen might participate in a fashion stoichiometric 
with the phosphorylation, with the net consumption of oxygen 
masked by an equivalent production of oxygen. Mehler (3) has 
described such an oxygen exchange reaction catalyzed by illumi- 
nated chloroplasts. The present report describes experiments 
in which isotopic oxygen was used to demonstrate the occurrence 
of a vigorous oxygen exchange reaction under conditions suitable 
for oxygen-stimulated or oxygen-dependent photophosphoryla- 
tion. 


EXPERIMENTAL 


The experimental techniques and reagents employed in these 
experiments are, in general, the same as previously reported 
(1, 2). However, the chloroplasts used here were prepared and 
washed once in 0.4 mM sucrose-0.05 m NaCl. 

The mass spectrometer employed in the measurements of O%8 
was made available to us by Dr. A. H. Brown of the Botany 
Department of the University of Minnesota. This instrument, 
a Consolidated-Nier model 21-201 as modified by Brown, pro- 
vides a continuous analysis of the gas phase above the reaction 
mixture. The manner of adaptation, the design of the apparatus, 
and the procedures for carrying out the analysis as well as the 


* This investigation was aided by a grant from the National 
Science Foundation to B. Vennesland. The mass spectrometer 
facilities used are supported by a contract between the Office of 
Naval Research and the University of Minnesota and a grant from 
the National Science Foundation to Alan H. Brown. The tracer 
oxygen was obtained from Professor A. O. C. Nier and prepared 
under a grant from the American Cancer Society. 

t Predoctoral Fellow of the United States Public Health Serv- 
ice. 


equations used in the calculation of gas uptake and production 
have been described in detail elsewhere (4-6). Only a brief 
description of the experimental procedures is presented here. 

A rectangular Warburg vessel (total volume 17.5 ml) contain- 
ing the reaction mixture was initially flushed with He gas, then 
filled to atmospheric pressure with isotopically enriched O2 mixed 
with He to give the desired O,2 content. After equilibration of 
the gas and liquid phase, the reaction mixture was illuminated 
from below. The gas phase was continuously monitored by the 
recording mass spectrometer. 

As in previous experiments, the reaction mixtures were incu- 
bated with shaking at a temperature of 15°, and the light in- 
tensity at the surface of the reaction vessel was approximately 
2000 foot-candles. An oxygen concentration of from 2 to 3% 
was used in these experiments, which is approximately the con- 
centration range for optimal oxygen effects on photophosphoryla- 
tion in these systems. 


RESULTS 


Fig. 1 illustrates results from an experiment in which mena- 
dione was used as the cofactor for photophosphorylation at a 
concentration of menadione where oxygen greatly stimulates the 
rate of ATP synthesis. In the initial dark period, there was 
negligible consumption or production of oxygen by the reaction 
mixture. With illumination, there was a rapid and sustained 
exchange of oxygen in which the rate of consumption of labeled 
O:, shown in the figure as a decrease in the partial pressure of 
mass 34, closely approximated the rate of production of unlabeled 
oxygen from the medium, shown as an increase in the partial 
pressure of mass 32. When the light was turned off, the exchange 
reaction ceased. This experiment is representative of the re- 
sults obtained with any of the three cofactors (menadione, FMN,} 
or 2,3’ ,6-trichlorophenol indophenol), and shows that the oxygen 
exchange reactions are light dependent. 

Table I presents quantitative data calculated from the record- 
ing spectrometer charts. It should first be noted that there is 
little activity of the chloroplasts either with respect to photo- 
phosphorylation or oxygen consumption or production when 
there is no catalytic cofactor added to the reaction mixture. 
When menadione is added as a catalytic cofactor at a concentra- 
tion known to give a largely oxygen-dependent photophosphory]l- 
ation, then rapid and nearly equal rates of oxygen consumption 
and production are observed. Under these circumstances, there 
is a significant uptake of inorganic phosphate, although the rate 


1 The abbreviation used is: FMN, riboflavin mononucleotide. 
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is low and somewhat variable. This low rate of photophos- 
phorylation is attributed to the damaging effects of the prolonged 
preincubation with vigorous shaking at 15°, usually 20 to 30 
minutes, which is necessary for equilibration and calibration of 
the mass spectrometer. The final experiment in this table shows 
that the addition of 3-(3 ,4-dichloropheny])-1 , 1-dimethylurea at 
a concentration known to inhibit the oxygen-stimulated photo- 
phosphorylation also inhibits the oxygen-exchange reaction. 

In Table II, data are presented from experiments in which 
FMN was used as a catalytic cofactor for photophosphorylation. 
Again, the chosen concentration of FMN was such that the phos- 
phorylation would be largely oxygen dependent. The amounts 
of oxygen consumed and evolved are seen to be quite similar to 
those observed with menadione. As in the case of menadione, 
oxygen exchange with FMN is inhibited by that concentration 
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Mass 34 
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5 | 9 
4|30 
Light On Light Off 
4l26 
2 v = 

= Mass 32 

O 4 8 (2 16 20 24 28 


Minutes 
Fic. 1. Effect of light on oxygen consumption and evolution in 
the presence of menadione. The partial pressures are in arbitrary 
units. The actual values for O2 consumption and production cal- 
culated from these data, and a description of the reaction mixture 
are presented in Table I (Experiment 2). 


TABLE I 
Oxygen exchange with menadione 


The reaction mixture contained in wmoles: Tris-HCl] buffer of 
pH 7.8, 100; MgCl2, 10; orthophosphate of pH 7.8, 5; ADP of pH 
7.2, 5; and chloroplasts equivalent to 0.15 mg of chlorophyll in a 
final volume of 2.5 ml. The illumination time was 14.4 minutes 
(8 cycles of the recording mass spectrometer) in Experiment 1 
and 18 minutes (10 cycles) for Experiments 2 and 3. The oxygen 
tension was approximately 2% for Experiment 1, and 3% for Ex- 
periments 2 and 3. 


Chloroplast Oxygen Exchange 


TaBLeE II 
Oxygen exchange with FMN 
The reaction mixture was similar to that of Table I except that 
FMN was added as a cofactor instead of menadione. The illu- 
mination time was 18 minutes and the oxygen tension approxi- 
mately 2% in all experiments. 


Pi O2 
6 esterified consumption | production 
pmoles| umoles| patoms patoms patoms patoms 
1 |2X 10°'m FMN 3.3 | 92 | 7.3 | 203 | 7.1 | 199 
FMN plus; 1.3); 36 | 1.3 | 25 
4X 10-7 m DMU* 
3 |2xX 10°'m FMN 1.7 | 47 | 7.5 | 208 | 7.0 | 195 
4|2x10-'m FMN 3 |0.8} 22/0.4/ 
8 X 10°77 DMU* 


* 3-(3,4-Dichloropheny])-1, 1-dimethylurea. 


TaBLeE III 
Oxygen exchange with 2,38',6-trichlorophenol indophenol 


The reaction mixtures contained 10 uymoles of MgCl:, 100 umoles 
of Tris buffer of pH 7.8, 2.5 umoles of ADP, 2.5 umoles of inorganic 
phosphate, 0.5 umole of 2,3’,6-trichlorophenol indophenol, and 
chloroplasts equivalent to 0.25 mg of chlorophyll in a final volume 
of 2.5 ml. The illumination time was 18 minutes (10 cycles) for 
all experiments. The oxygen tension was approximately 3% in 
Experiments 1 through 4 and 2% in Experiments 5 and 6. 


P Pj esterified O2 consumption O:z production 
| sca | | 558) | 
pmoles | pwmoles | patoms | patoms | patoms | patoms 
1 | Complete 0.6 8.0 3.9 51.4 3.1 40.6 
2 | Minus ADP 0.1 1.3 5.4 71.7 5.1 67 .6 
3 | Complete 0.9 12.0 4.1 55.1 3.4 44.6 
4 | Minus ADP 0.1 1.3 3.5 46.2 3.0 39.6 
5 | Complete 0.9 12.0 3.3 44.3 2.3 30.6 
6 | Minus ADP 0.0 0 4.1 54.9 3.6 48.6 


of 3-(3,4-dichlorophenyl)-1,1-dimethylurea needed to inhibit 
selectively the oxygen-stimulated photophosphorylation. 

Table III shows the results of experiments in which the dye 
2,3’ ,6-trichlorophenol indophenol was used as the cofactor for 
photophosphorylation. Again the exchange reaction is observed, 
although at a considerably slower rate than that achieved with 
other cofactors. Here data are presented to show that the,oxy- 


Vol. 235, No. 6 


gen-exchange reaction has no dependence on the presence of a 
high energy-phosphate acceptor. 


Pj O2 Or 
‘ esterified | consumption | production 
pmoles| umoles| patoms| patoms patoms| patoms 
1 | No cofactor 0.1; 3/08] 22/0.5] 14 
2 | 1.2 X m menadione | 2.5 56 | 7.9 | 176 | 7.8 | 174 
| 1.2 X Mmenadione | 9 2 4 11.6! 3611.0) 22 
plus 4 10-7 m DMU* 


* 3-(3,4-Dichloropheny]l)-1, 1-dimethylurea. 


Boiled chloroplasts were found to consume small quantities 
of oxygen, at about the same rate as the chloroplasts without 
added cofactor, and these heat-inactivated preparations showed 
no oxygen evolution. 


DISCUSSION 


Flavin mononucleotide and menadione have been used as 
catalytic cofactors for photosynthetic phosphorylation, and their 
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role has been envisioned as one of cyclic reduction and reoxida- 
tion by the illuminated chloroplast to sustain an electron flow 
which can be coupled to phosphate esterification. When a con- 
centration of cofactor is used which gives the maximal rate of 
anaerobic photophosphorylation, the reaction proceeds as well, 
if not better, in the absence of oxygen. However, if the reac- 
tion is carried out in air, about one-tenth the concentration of 
cofactor is needed to attain the same maximal rate. The experi- 
ments reported here show that under these circumstances there is 
an oxygen exchange occurring, of sufficient magnitude to account 
for the maximal rates of photophosphorylation generally observed 
with these systems. These results do not necessarily contradict 
the observations of Krall et al. (7), who found no oxygen exchange 
accompanying the photophosphorylation operating at maximal 
anaerobic rate. The conditions for their measurements were 
quite different from those here employed. 

Inasmuch as one of the cofactors for photophosphorylation, 
FMN, has been suggested as an intermediate in the Mehler reac- 
tion, our observations do not come entirely as a surprise (8). 
The data strongly suggest that the cofactor is alternately photo- 
reduced in a Hill reaction and reoxidized by oxygen. This is in 
keeping with the type of cyclic process suggested by Davenport 
(9). If the oxygen tension is too low, reoxidation of the reduced 
cofactor becomes the rate-limiting step. With higher concentra- 
tions of cofactor, the system becomes independent of an external 
oxygen supply. 

When the dye, 2,3’ ,6-trichlorophenol indophenol is used to 
support photosynthetic phosphorylation, the reaction is depend- 
ent on atmospheric oxygen (2). If the dye is allowed to operate 
by being alternately reduced and oxidized by the illuminated 
chloroplasts, an exchange of oxygen occurs. Net consumption or 
production of oxygen is difficult to observe. It was assumed 
that an equivalent oxygen consumption and production must oc- 
cur to explain the oxygen requirement by this system, and this 
assumption appears to be correct in view of the findings with 
isotopic oxygen. Under the best circumstances, light-induced 
adenosine triphosphate synthesis in the presence of indophenol 
approaches a rate of 100 wmoles per mg of chlorophyll per hour, 
which is relatively slow compared to the rates obtained with the 
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other cofactors. From a very different type of experiment, a 
P:O ratio of 2 has been established for this oxygen-dependent 
phosphorylation (2). The oxygen exchange averages approxi- 
mately 50 watoms of oxygen consumed and evolved per mg of 
chlorophyll per hour and therefore is adequate to explain the 
best rates of phosphate esterification observed with this system. 


SUMMARY 


Experiments have been described in which isotopic oxygen 
was used to demonstrate simultaneous and equivalent production 
and consumption of oxygen by illuminated spinach chloroplasts. 
This oxygen exchange activity was demonstrated under those 
conditions where photosynthetic phosphorylation is either de- 
pendent upon or greatly stimulated by the presence of oxygen. 
A catalytic cofactor, necessary for photosynthetic phosphoryla- 
tion, is also necessary for oxygen exchange. The oxygen ex- 
change, under the several circumstances examined, is sensitive to 
inhibition by dichlorophenyl dimethylurea at concentrations of 


‘this compound which selectively inhibit oxygen-stimulated photo- 


phosphorylation. 
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du Vigneaud et al. (1) demonstrated some years ago that 
reduction of the disulfide bonds of insulin abolished the hypo- 
glycemic action of this hormone. Repetition of this observation 
in other laboratories (2) has led to general acceptance of the 
idea that intact disulfide bonds are essential for the biological 
activity of insulin. However, we have found that after com- 
plete reduction of its disulfide bonds by either of two procedures 
insulin retains its ability to increase the respiratory quotient 
of adipose tissue in vitro (3) and to accelerate the conversion 
of uniformly labeled glucose-C™“ to fatty acids by surviving 
adipose tissue (4, 5). These activities appear to reside in the 
phenylalanyl chain. Furthermore, we have found that the iso- 
lated phenylalany] chain is a powerful inhibitor of glutathione 
reductase in adipose tissue extracts, an activity not displayed 
by native insulin. 

Complete reduction of the disulfide bonds of insulin' was 
achieved either by treatment with a 1500 Mm excess of redis- 
tilled thioglycolate in 8 m urea (6, 7) or by treatment with 
a 3000 m excess of n-propyl mercaptan in formamide.? The 
reduced protein was freed of excess thioglycolate by precipita- 
tion and washing with acidified acetone (6, 7); excess n-propyl 
mercaptan was removed by prolonged distillation in high vac- 
uum. Aliquots of the reduced protein solutions were then re- 
moved for estimation of protein thiol groups by the method 
of Boyer (8). In all cases the experimentally determined thiol 
values were within 5% of those theoretically predicted for com- 
plete reduction. For preparative purposes the thiol groups of 
the reduced peptides were converted to the corresponding phen- 
vimercuric mercaptides. Preparative electrophoresis in beds of 
potato starch gel (9), or acrylamide gel (10) permitted satis- 
factory separations of components with the mobilities expected 
for the phenylmercuric phenylalanyl chain and the phenylmer- 
curic glycyl chain; both could also be easily separated from 
native insulin by this method. The phenylmercuric phenylala- 
nyl chain has been obtained in crystalline, electrophoretically 
homogeneous form. It has been tested for biological activity 
directly as the phenylmercuric mercaptide and after removal 
of the phenylmercury residues; the latter was achieved by treat- 
ment of 0.1-mg portions of the substituted peptide with 2 mg 
of cysteine in neutral 8 M urea solution for 0.5 hour or longer. 


* This research was supported by a grant (H-1731 (c6)) from 
the United States Public Health Service. 

1 The author is indebted to the Eli Lilly Company for a generous 
gift of crystalline zinc insulin (Batch No. 693502) and to the Amer- 
ican Cyanamid Company for gifts of acrylamide monomer. 

2R. G. Langdon, unpublished method. 


Free thiol groups appeared to be essential for maximal activ- 
ity and the results reported here were obtained with cysteine- 
treated peptide. Suitable control experiments have clearly dem- 
onstrated that none of the effects is attributable to cystine, 
cysteine, or cysteine mercaptide. 

In numerous experiments we have observed that the bio- 
logical activities of reduced insulin are attributable to the phen- 
ylalanyl chain. Only results obtained with this material are 
reported here; however, entirely similar results have been ob- 
tained with crude reduced insulin before separation of the 
chains. The glycyl chain appeared to be devoid of activity. 

When the isolated phenylalanyl chain was tested by the 
method of Ball et al. (3) for its ability to affect the respiratory 
quotient of rat adipose tissue, the results depicted in Fig. 1 
were obtained. It is apparent that insulin and the phenyl- 
alanyl chain altered the gas exchanges of this tissue in essen- 
tially the same manner. Furthermore, as illustrated in Table 
I, the phenylalanyl chain promoted incorporation of uniformly 
labeled glucose-C™ into long chain fatty acids and respiratory 
CO., actions which have been regarded as being highly spe- 
cific and reliable tests for insulin activity (4, 5). It should be 
noted that the concentrations both of insulin and the phenyl- 
alanyl chain used in these experiments were far greater than 
the minima] concentration of insulin which has been shown to 
be necessary to exert a maximal effect (3). Autooxidizability 
of the thiol groups of the phenylalanyl chain has thus far pre- 
vented a direct quantitative comparison of the minimal con-. 
centration of this peptide required for maximal activity with 
similar data which have been obtained for intact insulin. How- 
ever, it is apparent that the maximal responses to both mate- 
rials are of the same order of magnitude. 

It seemed important to ascertain whether or not these ef- 
fects of the isolated phenylalany] chain could actually be occa- 
sioned by a small contamination with native insulin. This ap- 
peared improbable, because the work of many previous 
investigators would suggest that either the initial reductive step, 
or the treatment of the phenylmercuric phenylalanyl chain with 
cysteine would alone have been sufficient to completely abolish 
the hypoglycemic action of insulin. In order to obtain more 
concrete evidence, however, zone electrophoresis at pH 8.0 of 
the phenylmercuric phenylalanyl chain and of insulin was car- 
ried out on parallel slabs of potato starch gel. At the con- 
clusion of the electrophoretic run, the slabs were bisected lon- 
gitudinally, and one-half of each was stained with diazotized 
sulfanilic acid (6). Under these conditions, insulin had an 
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TABLE I 
Effect of insulin and phenylalanyl chain of insulin on conversion of 
uniformly labeled C'4-glucose to fatty acids and to C'4O2 by rat 
epididymal fat pads in vitro 
Rat epididymal fat pads were incubated essentially as de- 
scribed by Winegrad and Renold (5). 


Vessel Addition Fatty acids CO: 
c.p.m./meg c.p.m./mg 
1 0 187 104 
2 Phenylalanyl chain, 24 ug 418 223 
3 Phenylalanyl chain, 5 yg 250 192 
4 Insulin, 8 ug 940 441 
200 F 
aR 
mm 50 
ow 
53 
0 2 3 
TIME (MIN) TIME (MIN) 


Fic. 1. Effect of insulin and the phenylalany] chain of insulin 
on gas exchanges of rat adipose tissue in vitro. Bisected rat epi- 
didymal fat pads were incubated at 37° with shaking in 2 ml of 
Krebs-Ringer bicarbonate buffer containing 0.022 m glucose as 
described by Ball et al. (3). At the time indicated by the arrow, 
the side-arm content of each Warburg vessel was tipped into the 
main compartment. The side-arm contents were:O——O, 2.1 ug 
of phenylalanyl chain; @——@, 12.5 of phenylalanyl chain; 
A—A, 8 ug of crystalline zinc insulin. The Warburg vessels had 
identical flask contents. 

Fic. 2. Inhibition of glutathione reductase by the phenylalanyl 
chain of insulin. Each cuvette initially contained 300 umoles of 
Tris buffer pH 7.5; 10 umoles of ethylenediaminetetraacetate; 0.15 
umoles of TPNH; 0.1 ml of adipose tissue extract containing glut- 
athione reductase; and sufficient water to give a final volume 
of 3 ml. To Cuvette II was added 0.01 ml of a solution contain- 
ing 0.7 wg of phenylalanyl chain, and to Cuvette III was added 
0.05 ml of a solution containing 3.5 ug of this peptide. The reac- 
tion was initiated by the addition of 1.6 wmoles of oxidized gluta- 
thione, and the optical density at 340 mz was measured in a 
recording spectrophotometer at room temperature. 


electrophoretic mobility of 2.6 10-3 cm? volt“ hour-, while 
the phenylalany] peptide remained stationary at the origin, and 
no stainable protein was demonstrable elsewhere on the slab. 
The remaining halves of each slab were then divided into trans- 
verse segments, and the eluate from each segment was assayed 
for biologica] activity by the method of Ball et al. (3). It was 
found that the biological activity coincided with the stainable 
protein in each case. It is particularly significant that from 
the slab containing the phenylalany] chain insulin-like activity 
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could be recovered only from the segment encompassing the 
origin, whereas no biologically active material having the elec- 
trophoretic mobility of insulin could be demonstrated in this 
slab. Hence, it seems highly improbable that the biological 
activities of the isolated phenylalanyl chain can be attributed 
to contaminating native insulin. 

Because it has been suggested that the effects of insulin on 


fatty acid synthesis may be mediated by altering the activities - 


of enzymes concerned with triphosphopyridine nucleotide re- 
duction or oxidation (11), the phenylalany] chain was examined 
for its ability to affect the activities in adipose tissue extracts 
of enzymes concerned with the oxidation and reduction of this 
coenzyme. It was found that this peptide was a powerful 
inhibitor of glutathione reductase. Typical results are depicted 
in Fig. 2. Under the assay conditions employed, native crys- 
talline zinc insulin and the phenylmercuric phenylalanyl chain 
had no effect on the activity of this enzyme. It should be 
noted (Curve II, Fig. 2), that glutathione reductase activity 
is inhibited 66% by 7 X 10-* m peptide. 

These results demonstrate that the isolated phenylalanyl 
chain of insulin is capable of exerting effects on adipose tissue 
metabolism which qualitatively resemble those exerted by na- 
tive insulin. Moreover, the phenylalanyl chain has been found 
to be a potent inhibitor of glutathione reductase in adipose 
tissue extracts, an action not exerted by intact insulin. In- 
terpretation of the physiological significance of these observa- 
tions must await further evidence. However, various investi- 
gators have entertained the possibility that tissues contain 
enzyme systems capable of disrupting the disulfide bonds of in- 
sulin. If intact adipose tissue contains a system for producing 
the free phenylalany] chain from native insulin (such as the 
“insulin reductase” postulated by Narahara and Williams (12), 
then it is possible that the stimulating effects of both insulin 
and the phenylalanyl chain on fatty acid synthesis are medi- 
ated by inhibition of glutathione reductase, a reaction which 
could favor reductive synthesis by conserving reduced triphos- 
phopyridine nucleotide (11). From these considerations, the 
possibility also arises that the phenylalanyl chain may be a 
form of insulin which is immediately active in metabolism, 
whereas intact insulin may be a “prohormone” in the same 
sense that trypsinogen is a proenzyme. This speculation must 
obviously await further evidence for assessment of its validity. 
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Although the carboxylation of pyruvate per se to form oxalo- 
acetate has been postulated many times, there is relatively little 
direct experimental evidence to support this hypothesis. Kal- 
tenbach and Kalnitsky (1) reported that crude extracts of Esch- 
erichia and Proteus formed small amounts of oxaloacetate from 
pyruvate. More recently Woronick and Johnson (2) showed 
that in the presence of pyruvate, adenosine triphosphate, and 
COs, extracts of Aspergillus formed metabolic derivatives sug- 
gesting the existence of a pyruvate carboxylation reaction. This 
report presents evidence for the occurrence in avian and beef 
liver, of a very active enzyme system which catalyzes the over- 
all reaction: 


Pyruvate + ATP + CO. = oxaloacetate + ADP + P; (1) 


The enzyme(s) catalyzing Reaction 1 has been obtained by ex- 
traction of the acetone-dried particulate fraction of liver homog- 
enates and further purified 4- to 8-fold by (NH,4)2SO, fractiona- 
tion. 

Oxaloacetate synthesis is dependent on the presence of pyru- 
vate, Mg?+, ATP, and acetyl-CoA (Table I). The formation of 
oxaloacetate was not completely dependent on NaHCOs, pre- 
sumably because of the presence of small amounts of endogenous 
bicarbonate and the high affinity of the system for this compo- 
nent. The partially purified system has a relatively high specific 
activity (0.5 umole of oxaloacetate per mg of protein per min- 
ute). The absolute requirement for acetyl-CoA is striking. 
Pretreatment of acetyl-CoA with condensing enzyme and oxalo- 
acetate destroys its ability to catalyze Reaction 1, and no other 
compound or combination of compounds yet tested has been able 
to replace acetyl-CoA. The CO; fixation is almost completely 
inhibited by avidin, although the effect can be nullified by prior 
addition of biotin to the avidin. 

The reaction product is quantitatively reduced by DPNH in 
the presence of malic dehydrogenase. Further identification has 
been obtained by preparing the 2,4-dinitrophenylhydrazones of 
oxaloacetate formed enzymatically from CO, or from pyruvate- 
2-C™“, Repeated recrystallization of the hydrazone from the 
CO, experiment gave a constant value of 335 counts per umole 
compared with a calculated value of 404 counts per umole which 
did not consider endogenous dilution of the starting isotopic 
material. Recrystallization of the hydrazone of oxaloacetate 
formed from pyruvate-2-C™ gave a constant value of 64 counts 
per wmole compared with a calculated value of 65 counts per 
umole. 

Stoichiometric studies show that acetyl-CoA plays only a 
catalytic role in the reaction (Table II). Acetyl-CoA concentra- 


* Supported in part by contract AT (30-1)-1050 of the Atomic 
Energy Commission. 


TaBLeE 
Formation of oxaloacetate from pyruvate 

The complete system contained in 1 ml: 250 ug of protein; 200 
umoles of Tris, pH 7.4; 2.5 wmoles of ATP; 3 umoles of Mg**; 0.7 
umole of acetyl-CoA; 10 of NaHC'*O;; and 10 wmoles of 
pyruvate. Incubated for 5 minutes at 30°. Oxaloacetate meas- 
ured enzymatically and C'*O; fixed refer to counts in nonvolatile 
compounds. 


Components fixed | Oxsloacetate 

umole pmole 

<0.01 <0.02 
TaBLeE II 
Stoichiometry of oxaloacetate formation 
Com Without 

ponent measured Complete system pyruvate Net 
Oxaloacetate............ +1.34* +0.02 +1.32 
Pyruvate. .............. —1.47 —1.47 
+1.67 +0.4 +1.27 

Acetyl-CoA............. —0.12 —0.08 —0.04 


* Changes in wmoiles per ml. Experimental conditions as in 
Table I except that 600 ug of protein were used. 


TaBLeE III 
Formation of oxaloacetate from labeled precursors 


Experimental conditions as in Table I except that 500 ug of 
protein and 30 umoles of NaHCO; were used. 


Oxaloacetate formed 
Specific 
Precursor lactivity® 
7" |amoles| “specie. | =CO—COOH 
activity® 
NaHCO .............. 5.8 1.4 4.3 0 
Pyruvate-1-C™......... 3.2 | 0.8 | 0.03 3.5 
1.45; 1.3} 0 1.6 
Acetyl-1-C'*-CoA....... 11 1.4/ 0 0 


* Values in counts per umole X 10~. 
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tion as measured by the hydroxamate reaction did not change 
appreciably, and furthermore, the amount of oxaloacetate syn- 
thesized was almost twice the amount of acetyl-CoA added. In 
other experiments enzymatic measurements of acetyl-CoA con- 
centration gave similar results. The indirect role of acetyl-CoA 
is further confirmed by experiments shown in Table III. Oxalo- 
acetate was formed from various C™ precursors, isolated by Celite 
chromatography, and degraded with Al** to yield the B-COOH 
and pyruvate. The pyruvate was isolated by ion exchange 
chromatography. C'Oz contributes only the B-COOH, pyru- 
vate-1- and -2-C™ enter only the pyruvate moiety, whereas acetyl- 
1-C'*-CoA labels neither portion. 

Acetyl-CoA may function catalytically in the pyruvate car- 
boxylation reaction by acting as the initial CO» acceptor, fol- 
lowed by transcarboxylation of malonyl-CoA with pyruvate as 
shown by Swick and Wood (3). However, the possibility that 
free malonyl-CoA is an intermediate is doubtful since the car- 
boxylation of acetyl-CoA in the absence of pyruvate is very slow 
(Table I, Line 2) and direct tests for transcarboxylation reactions 
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with free intermediates have been negative. The role of acetyl- 
CoA therefore remains obscure. 

Malic enzyme is not present in the starting material used in 
these studies and although phosphoenolpyruvate carboxykinase 
is present in the crude extracts, it can be separated from the 
pyruvate carboxylase system. The intracellular location of the 
pyruvate carboxylase, its relatively high activity, and its ap- 
parent high affinity for CO. suggest that this system coupled 
with phosphoenolpyruvate carboxykinase may play a part in the 
synthesis of phosphoenolpyruvate from pyruvate, particularly in 
mitochondria. 
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The primer requirement for deoxyribonucleic acid synthesis 
catalyzed by calf thymus polymerase (1) is fulfilled by denatured 
or single-stranded DNA preparations (2,3). Native DNA prep- 
arations subjected to sonic degradation, producing molecular 
weight reduction by double chain scission (4), do not contain 
primer, but the fragments so produced exhibit priming activity 
upon heat denaturation (5). In contrast to the polymerase from 
Escherichia coli (6, 7), the calf thymus enzyme does utilize limit 
DNase I digests as primer for (acid-insoluble) polydeoxyribonu- 
cleotide synthesis (5). These results suggest that primer length 
is not a critical factor in polydeoxyribonucleotide synthesis and 
encouraged a more rigorous examination of the scope of oligo- 
deoxyribonucleotide priming. 

Homogeneous thymidylate polymers synthesized as described 
by Tener et al. (8) (generously supplied by Dr. H. G. Khorana) 
have now been found to be active as primers for preparations 
containing calf thymus polymerase. The priming action ob- 
served with such polymers is the subject of this communication. 

In Fig. 1, A and B are composite tracings of paper chromato- 
grams and autoradiograms of reaction mixtures containing, re- 
spectively, dAP*PP or dCP*PP as substrate, and a member of 
the homologous series of thymidylate polymers such as pT! pTpT 
(T3), Ts, Ts, Ts, or T; as primer. A single, slow migrating, radio- 
active compound with R,y proportional to primer FR, is formed in 
each reaction mixture. Compounds formed from dAP*PP mi- 
grate more rapidly and are well separated from their respective 
polythymidylate primers. The products formed from dCP*PP 
move faster but are not completely separated from the primer. 


* Operated by Union Carbide Corporation for the United 
States Atomic Energy Commission. 


Reaction mixtures without primer polydeoxyribonucleotide (first 
lines of Fig. 1, A and B), without enzyme, or complete reaction 
mixtures held at 0° for 3 to 5 hours do not form similar radioac- 
tive compounds. Polyribonucletoides (pApA, pApApA, pApA- 
pApA, and pApApApApA, gifts from Dr. L. A. Heppel) do not 
act as primers for calf thymus polymerase. 

In contrast to the single products observed with dAP*PP and 
dCP*PP; dGP*PP or dTP*PP each form a series of compounds 
with progressively decreasing Ry values in the presence of each 
primer. In this reaction the Rp of the most rapidly migrating 
product is a function of primer length. Fig. 1C shows the time 
course of this type of polymerization for dGP*PP primed by 
pI pTpT, and Fig. 1D is the reaction of dTP*PP with T3;, T,, 
and T;. The polymerization rate with a small polydeoxyribo- 
nucleotide primer and single deoxyribonucleoside triphosphate 
substrates is about one-tenth that observed with DNA primer 
and all four deoxyribonucleoside triphosphates (2). 

Structural examination of the (presumed) polymers has not 
been completed, but several of the new compounds have been 
tested with venom diesterase. All were degraded to the expected 
radioactive 5’-mononucleotide (7.e. the mononucleotide of the 
P®2_deoxyribonucleoside triphosphate added to the reaction), in- 
dicating that the products have properties of polymeric phospho- 
diesters. 

An unusual feature of the reaction is the multiplicity of prod- 
ucts obtained with dGP*PP or dTP*PP as compared to the sin- 
gle products form dAP*PP or dCP*PP in the presence of identi- 
cal polythymidylate primers. Since all reactions were carried 


out with an excess of primer over substrate throughout the reac- 


tion period, it would seem that, if addition to the primer is oc- 
curring, a single addition would be the most probable event. 
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Detailed structure studies and further investigation of reaction 
parameters are required for interpretation of the results obtained. 
It may be concluded, however, that a primer-dependent reaction 
of single deoxyribonucleoside triphosphates, catalyzed by a calf 
thymus polymerase preparation, occurs in the presence of homo- 
geneous polydeoxyribonucleotides. 
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In accomplishing the formidable task of sequence determina- 
tion in proteins, it is important that all combinations of separa- 
tion tools be tried and evaluated. We wish to report the use of 
membrane diffusion, counter current distribution, and ‘Sepha- 
dex’’ chromatography (1) as applied to tryptic digests of the 
separated a-chain (2) from adult human hemoglobin. In this 
way larger amounts of pure peptides have been prepared than 
has thus far been practicable by other procedures. 

The a-chain (1 g) was digested with trypsin from chromato- 
graphically purified trypsinogen (3) for 16 hours, pH 9.0, at 30° 
with a pH-stat. Although the a-chain was insoluble at the start 
of the digestion, it became soluble after 6 hours and remained 
soluble in 0.2 m acetic acid. The digest was then diffused 
through 18/32 Visking membrane against 0.2 m acetic acid to 
achieve a preliminary fractionation according to size (4); 70 to 
80% by weight of the material was diffusible. 

The diffusible tryptic peptides were subjected to countercur- 
rent distribution as shown in Fig. 1A. After 3057 transfers, 
cuts from the distribution were further fractionated on 150 xX 
0.9 cm columns of Sephadex G-25 with 0.2 m acetic acid as the 
eluent. In this manner all of the diffusible peptides were re- 
solved. It was interesting to note that the peptides were not 
always eluted from Sephadex in order of decreasing size. 


moles leucine equivalents/m]. 


Transfer No. 


Fig. 1. A, Countercurrent distribution of the diffusible pep- 
tides. ——, ninhydrin color; —- ---, theoretical curve. System: 
0.1 Nn HCl-absolute ethanol-88% phenol, 25.1:8.95:17.5 parts by 
volume, respectively. 3057 transfers in a 1000-tube, 2-ml ma- 
chine. Cuts 1 through 7 are in the effluent. 8B, Countercurrent 
distribution of the nondiffusible peptides. ——, Folin-Lowry 
color. System: secondary butanol-1% dichloroacetic acid-3% 
acetic acid, 2:1:1 parts by volume. 500 transfers. 


The amino acid compositions of the peptides were determined 
with either a Spinco Beckman automatic amino acid analyzer or 
the improved manual method of Moore, Spackman, and Stein 
(5). In all cases the amount of contamination by amino acids 
not present in a peptide amounted to 0.1 of a residue or less. 
The N-terminal amino acids were established by reacting the 
peptides with dinitrofluorobenzene (6) and determining the 
amino acid composition of the dinitrophenyl peptides after hy- 
drolysis as well as by identifying the dinitrophenyl amino acids 
cleaved off. The C-terminal amino acids were considered to be 
either lysine or arginine on the basis of the known specificity of 
trypsin. The amino acid compositions of roughly half of the 
peptides are in satisfactory agreement with those isolated by 
Hilse and Braunitzer (7) with ion exchange chromatography and 
paper electrophoresis. All of the residues of glycine, tryptophan, 
tyrosine, arginine, and methionine, and 9 of the 11 lysine residues 
present in the a-chain have been accounted for in the diffusible 
portion as shown in Table I. 

The nondiffusible portion of the tryptic digest was distributed 
as shown in Fig. 1B. 

The two main bands had the same amino acid composition. 
The fact that each contained one residue of cysteine and the 
remaining lysines indicated that both fractions were derived 
from the same portion of the a-chain. The amino acid composi- 
tion of the a-chain (142 residues) can be almost exactly accounted 
for by the summation of the residues from the nondiffusible 


TABLE I 
Tryptic peptides obtained from a-chain of human hemoglobin 
Dis- 
Peptide No. | Amino acid composition 
cut 
% 

Tal 1 72 | Lys 

Ta2 1 | 92 | Gly(His, Gly)Lys 

Ta3 5 | 90 | Ala(Ala, Try,f Gly)Lys 

Tad 6 | 30 | Val(Leu, Ser, Pro, Ala, Asp)Lys 

Tai | Thr(Asp, Val)Lys 

T a 45 6 | 20 | Val(Leu, Ser, Pro, Ala, Asp)Lys.Thr- 
(Asp, Val)Lys 

Ta6é 9 | 55 | Val(His;, Asps, Thr, Sere, Pro, Alay, 
Vale, Met, Leu,) Lys 

TaZ 9 | 80 | Met(Thre, Ser, Pro, Leu, Phe2)Lys 

Ta8s 8 | 92 | Thr(Hise, Asp, Serz, Glu, Pro, Gly, Ala, 
Val, Leu, Tyr, Phe.)Lys 

Tag 7 | 64 | Val(Aspo, Pro, Val, Phe)Lys 

T a 10, 11 10 | 24 Leu(His;, Asp, Thrs, Sers, Glu, Pros, 

11 | 20 Alas, Val,, Leus, Phe2, CySH, Lys)- 

Lys 

T a 12 7 | 79 | Val(His, Glus, Gly;, Alas, Leu, Tyr)Arg 

Ta 13 3} 55 | Tyr. Arg 

Ta l4 4 36 | Leu.Arg 


* The percentage yield of peptide per molecule of a-chain 
calculated to be present in the original digestion mixture. 
t The tryptophan was determined by ultraviolet absorption. 
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peptide (41 residues) and diffusible peptides (101) which were 
obtained by the techniques described. 

Contrary to Hilse and Braunitzer (7), no peptide was found 
which did not contain lysine or arginine, an indication that one 
of these amino acids is C-terminal. 
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Identification of y-Glutamylcysteinyl 
Ribonucleic Acid as Intermediary 
in Glutathione Synthesis 
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From the Rockefeller Institute, New York City 
(Received for publication, March 24, 1960) 


Work in this laboratory has shown soluble ribonucleic acid 
from fresh rat liver to contain essentially all amino acids esteri- 
“fied to the adenosine terminal (1-3). When analyzed in the 
Stein-Moore amino acid analyzer, however, an unidentified nin- 
hydrin-reactive compound was found and suspected to be a pep- 
tide. For further exploration, amino acids were isolated as 
described (1), and treated with 2,4-dinitrofluorobenzene (4); 
the dinitropheny] derivatives were identified by two-dimensional 


TABLE I 


Resolution of GSH synthetase into protein and RNA by 
DEAE-cellulose column 


The complete system contains the following additions in a total 
volume of 3.0 ml: 150 umoles of Tris buffer pH 8.3; 10.3 umoles of 
y-glutamylcysteine; 18.4 wmoles of glycine-2-C"4, 8.3 & 105 ¢.p.m.; 
4.5 umoles of 2-mercaptoethanol; 10 ymoles of ATP; enzyme con- 
taining 2.4 mg of protein; 1.72 mg of RNA; 15 wmoles of MgSO,; 
and 30 umoles of KCl. The incubation was performed under 
nitrogen at 37° for 70 minutes. The GSH was isolated and as- 
sayed for radioactivity as described by Johnston and Bloch (7). 


Conditions GSH-cuprous mercaptide* 
c.p.m 
Zero time (complete system) 76 
Complete system 5280 
No RNA added | 94 
No ATP added i 136 


* Average of two determinations. 


paper chromatography (5). In two runs, an unknown material 
corresponding colorimetrically to about 4% of the total was 
found in the ether-soluble fraction. Hydrolysis in 6 Nn HCl for 
24 hours in a sealed tube at 105° yielded DNP'-glutamic acid 
and S-DNP-cysteine. The chromatographic and degradative 


* United States Public Health Service Postdoctoral Research 
Fellow. 

1 The abbreviations used are: DNP, dinitrophenyl; sRNA, 
soluble ribonucleic acid; DEAE-cellulose, diethylaminoethy] 
cellulose. 
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behavior of the DNP-derivative of y-glutamylcysteine, kindly 
provided by Dr. Konrad Bloch, appeared to be identical with 
that of our unknown. Furthermore, ammonolysis (cf. Hecht 
et al. (6)) of the adenosine amino acid esters from rat liver, fol- 


TABLE II 
Two-step synthesis of GSH 


No. 1: The complete incubation mixture consists of the follow- 
ing in a final volume of 3.0 ml: 150 umoles of Tris buffer, pH 7.5; 
15 umoles of MgSQO,; 30 umoles of KCl]; 4.5 ymoles of 2-mercapto- 
ethanol; 10 umoles of ATP; 3.46 umoles of C! -glutamylcysteine, 
uniformly labeled, 5.7 X 10° c.p.m.; enzyme containing 4.38 mg of 
protein. The tubes were incubatcd for 45 minutes at 37° in a 
nitrogen-containing atmosphere. ‘The enzyme was obtained by 
the procedure of Snoke et al. (8). The RNA samples were isolated 
by phenol extraction, and washed twice with ethanol. 

No. 2: The reaction mixture was the same as in No. 1 except 
that 5.20 mg of C-labeled glutamylcysteinyl-RNA containing 
18,200 c.p.m. were added instead of free peptide. The radioactive 
glutathione was isolated as DNP-GSSG. Advantage was taken 
of the observation that after oxidation the DNP-derivatives of 
glutamate, cysteine, and diglutamylcystine are completely ex- 
tracted with ethylacetate, while DNP-GSSG remains in aqueous 


solution. GSH isolated in this manner was assayed for radio- 
activity. Detailed procedure will be described in a more exten- 
sive report to follow. 
3 Additions Compound isolated | c.p.m 
1 | C*-Glu. Complete RNA-derivative | 3,114 
CySH- + Glycine (75 | RNA-derivative 678 
RNA umoles) 
% + u-Cysteine (75 | RNA-derivative 3,041 
umoles) 
+ Li-Glutamate (75 | RNA-derivative 3,205 
umoles) 
+ RNA, 1.55 mg, | RNA-derivative 3,920 
Mn** ppt. 
No ATP RN A-derivative 90 
2} C'4-GSH, Complete (no DNP-glutathione /|10,225 
from C- ATP) 
Glu. + ATP (10umoles) | DNP-glutathione |10,870 
CySH- No glycine DNP-glutathione 142 
RNA, and | + Cold Glu-cys- | DNP-glutathione | 9,885 
glycine teine (55 umoles) 
Complete, twice | DPN-glutathione {17,310 
the amount of 
C'4-Glu. CySH- 
RNA 


Ju 
lov 
x 
in 
tig 

see 

gl 

be 

los 

et 

wl 

fo 

Cit 

ine 

fre 

D 

6. 

co 

el 

Abd 

T 

I. 
Wl 
of 

id 

ti 
ta 

| 

| 

P 

es 

d: 

t 

of 

es 

te 


June 1960 


lowed by dinitrophenylation, revealed the presence of DNP- 
glutamine in the chromatogram, indicating a y-glutamyl-RNA. 

Since these two new sRNA derivatives could be intermediaries 
in GSH synthesis, the enzymatic synthesis of GSH was reinves- 
tigated, largely with the use of the procedures elaborated by 
Konrad Bloch and his collaborators (7, 8). The finding that ad- 
dition of RNase practically completely abolished GSH synthesis 
seemed to confirm our suspicion. In view of the isolation of the 
glutamylcysteinyl-sRNA, further exploration centered on the 
better characterized second phase of GSH synthesis. <A partial 
loss of activity was obtained by treating the preparation of Snoke 
et al. (8) with manganous chloride according to Korkes et al. (9); 
with such a preparation, synthesis was stimulated more than 3- 
fold by addition of either a phenol extract or the manganous pre- 
cipitate. Protamine or charcoal treatment at neutral pH was 
ineffective, but a complete resolution of the enzyme into an RNA 
fraction and a protein fraction was achieved by the use of a 
DEAE-cellulose column. When the enzyme was placed on a 
column equilibrated with 0.2 m sodium phosphate buffer, pH 
6.2, the column retained all RNA, and the protein fraction was 
collected by washing with the same buffer. The RNA was then 
eluted with 1 m Tris buffer, pH 7.3 and showed a 260:280 mu 
absorbancy ratio of 1.83, indicating practically pure nucleic acid. 
The complementarity of these two fractions is shown in Table 
I. In contrast to peptide synthesis, hydroxamate formation 
with the use of 1 m hydroxylamine appeared to be independent 
of RNA. 

The coenzyme or carrier function of the sRNA was further 
identified by carrying out the reaction in two steps. Radioac- 
tive glutamylcysteine was derived from radioactive GSSG by 
hydrolysis with carboxy-peptidase and reduction of the diglu- 
tamyleystine with Zn dust.2 C'-Glutamylcysteine was incu- 


2 —D. Strumeyer and K. Bloch, personal communication. 


Myo-Inositol Phosphates from Beef Brain 
Phosphoinositide* 


CARMEN GRADO AND CLINTON E. BAaLLou 
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(Received for publication, March 28, 1960) 


Folch (1) described a ‘‘diphosphoinositide” from beef brain 
which on acid hydrolysis gave myo-inositol metadiphosphate. 
Present knowledge of the susceptibility of myo-inositol phosphate 
esters to acid-catalyzed migration (2) indicates that such degra- 
dative studies cannot yield precise information about the struc- 
ture of the phosphoinositide. Indeed, although acid hydrolysis 
of soybean monophosphoinositide was long known to yield an 
optically inactive myo-inositol monophosphate, we have recently 
established (2) that base hydrolysis of this compound gives an 
optically active myo-inositol phosphate which was later proved 
to be L-myo-inositol 1-phosphate (Ia) (3). This fact and others 
led to the conclusion (2, 3) that the position occupied by the 


* This work was supported in part by a research grant (A-884) 
from the National Institute of Arthritis and Metabolic Diseases, 
United States Public Health Service. 
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bated with crude RNA-containing enzyme; the RNA-derivative 
was isolated by phenol extraction and counted. It appears from 
Table II, No. 1, that radioactive glutamylcysteine was trans- 
ferred to the RNA. Addition of manganous precipitate en- 
hanced by only 20%; the enzyme appears to carry nearly saturat- 
ing amounts of RNA. When Glu.CySH-RNA was isolated and 
added with glycine to the enzyme, as seen in Table II, No. 2, 
GSH is formed in this system without ATP. 

It is concluded that glutamylcysteine is activated with ATP 
and transferred to RNA to form glutamylcysteinyl-RNA which 
transfers the peptide to glycine to form GSH. In spite of 
the existence of y-glutamyl-RNA, y-glutamylcysteine synthesis 
seems not to be RNA-linked, nor was glutamine synthesis affected 
by the addition of RNase. 


Acknowledgment—We wish to express our indebtedness to 
Dr. Konrad Bloch for his generous help. 
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phosphate group in Ia is the same as the position of the linkage 
in the original phospholipid. 

We wish to report a reinvestigation of the beef brain phos- 
phoinositide. Our preparation, isolated exactly as described by 
Folch (1), contained 6.5% phosphorus, 12% myo-inositol and had 
a phosphorus to myo-inositol molar ratio of 3.1 (whereas Folch 
found 7% phosphorus, 21% myo-inositol and a ratio of 2). Acid 
hydrolysis of our material done according to Folch gave a chro- 
matographically irresolvable mixture of optically inactive myo- 
inositol mono-, di-, and possibly triphosphates. Base hydrolysis, 
however, gave a simpler mixture containing one major myo- 
inositol monophosphate (Ib), two myo-inositol diphosphates (II 
a, b) and two myo-inositol triphosphates (IIIa, b), all in the 
ratios shown in Table I. Each of the components was optically 
active. 

Periodate oxidation of the triphosphate mixture, followed by 
reduction of the resulting dialdehyde and dephosphorylation of 
the reduced polyol phosphate gave iditol, whose crystalline hexa- 
acetate had melting point 121°, [a] 52, + 25° (in chloroform), and 
an infrared pattern (KBr pellet) identical with authentic L-iditol 
hexaacetate. Thus, the polyol is p-iditol (reported m.p. 122° 
[a], + 25.5°) (4) and the myo-inositol triphosphate mixture must 
have the structure and absolute configuration of III. This re- 
veals for the first time a direct steric relationship to the product 
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TABLE I 
myo-Inositol phosphates from beef brain phosphoinositide 


A B 
la 0.60 trace 
Ib 0.39 | 0.68 —1.3° 1.0 ca 5 
Ila 0.34 | 0.39 —15.2° 2.0 10 
IIb 0.29 | 0.24 +3.4° 2.0 8 
IIla 0.27 | 0.18 —15.5° 3.2 10 
IIIb 0. 0.12 —27.4° 3.2 31 


* Values reported as Rgtycerol phosphates Solvent A: n-propanol- 
concentrated ammonia-water (5:4:1), Whatman No. 1 paper, 
descending for 24 hours. Desjobert reports values of 0.38 for 
myo-inositol monophosphate, 0.27 for diphosphate, and 0.22 for 
triphosphate, all obtained by partial hydrolysis of phytin. Sol- 
vent B: isopropanol-concentrated ammonia-water (7:1:2), What- 
man No. 1, descending for 5 days at 30°. 

> Aqueous solution of the cyclohexylamine salt to which a drop 
of amine was added to make the solution strongly basic. Rota- 
tions calculated on the weight of the free acid. 

¢ Phosphate determined colorimetrically and myo-inositol by 
yeast assay, following hydrolysis in 5.6 n hydrochloric acid at 120° 
for 48 hours. 

4 Based on myo-inositol content. 


Ia from the plant monophosphoinositide (2, 3) and suggests that 
the brain polyphosphoinositide is homologous in structure.! 


H20;PO 


OPO;H:2 | OPO3H:2 
la III 


The myo-inositol monophosphate fraction contained only a 
trace of Ia. The major monophosphate component was distin- 
guishable chromatographically from authentic myo-inositol 1- 
phosphate, 2-phosphate, and 5-phosphate; but it was indistin- 
guishable from synthetic pL-myo-inositol 4-phosphate.? Its 
crystalline cyclohexylamine salt did, however, give an infrared 
spectrum different from that of the latter. Thus, Ib must be 


1 There is strong evidence that the beef liver monophospho- 
inositide is related sterically to Ia (5). | 

2 A sample of synthetic pL-myo-inositol 4-phosphate was kindly 
supplied by Dr. 8S. J. Angyal, Sydney, Australia. 
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the asymmetric 4-phosphate with a crystal form different from 
that of the racemate. 

Structures of the diphosphates have not been established, but 
it is noteworthy that they are present in smaller amounts than 
the triphosphates. 

Although the starting phosphoinositide contains more than 
one lipid component (as shown by paper chromatography) (6), 
we suggest that all of the myo-inositol phosphates obtained on 
base hydrolysis could come from one triphosphoinositide. By a 
combination of processes of elimination of ROPO;~ or R- from 
a structure such as IV, with concomitant phosphate migration 
due to cyclization during loss of R-, products of the type found 
could be explained. When both ROPO;- groups are eliminated, 
Ib would be the sole myo-inositol monophosphate. When both 
R- groups are eliminated, the principal myo-inositol triphosphate 
(expected on the basis of the stereospecificity of the hydrolysis of 
the related soybean monophosphoinositide) (2) would be III. 
A mixture of two or three diphosphates would result on the 
elimination of one or the other ROPO;~ group, with simultane- 
ous migration of the remaining phosphate diester. Because of 
the presence of only trans-hydroxyls adjacent to one of the 
ROPO;- groups in IV, the formation of such a high yield of myo- 
inositol triphosphate might be unexpected (7). However, un- 
recognized steric factors present in such a highly substituted 


H.0;PO 


Ib IV 
compound could control the direction of elimination. 
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Isocaproic Acid, a Metabolite of 
20a-Hydroxycholesterol * 
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From the Worcester Foundation for Experimental 
Biology, Shrewsbury, Massachusetts 
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The enzymatic degradation of cholesterol to 38-hydroxypregn- 
5-en-20-one, an important link between cholesterol and the 


adrenocortical hormones, has already been reported by many 
groups (1-4). However, there is little information regarding 
intermediates and mechanism of this metabolic degradation. 

20a-Hydroxycholesterol-4-C'*’ has been isolated by Solomon 
et al. (6) after the incubation of cholesterol-4-C™ with adrenal 
homogenate and the authors proposed that 20a-hydroxycholes- 
terol might be an intermediate in the pathway cholesterol — 
38-hydroxypregn-5-en-20-one. Staple et al. (3, 4) reported the 
isolation of isocaproic acid-C'™ and 38-hydroxypregn-5-en-20- 
one-C™ after incubation of cholesterol-26-C™ and cholesterol-4- 
(C with adrenal supernatant. 

As part of a study on the metabolic pathway from cholesterol 
to 36-hydroxypregn-5-en-20-one, cholesterol-26-C™ was incu- 
bated with adrenal supernatant, whereby the results of Staple 
et al. (3, 4) regarding isocaproic acid were confirmed, although 
our yield? of the acid was slightly lower. 

In order to test whether 20a-hydroxycholesterol might be an 
intermediate in the cholesterol degradation, as suggested by 
Solomon et al. (6) 30 wg of 20a-hydroxycholesterol-22-C',* m.p. 
137-138°, 2.3 * 10° ¢.p.m. per mg, were incubated with the 
supernatant of bovine adrenals. The preparation was carried 
out as noted: Fresh bovine adrenals were homogenized in 2.5 
parts of 0.3 mM sucrose followed by centrifugation (100,000 x g) 
for 40 minutes. The supernatant was incubated for 3 hours at 
37° under aerobic conditions at pH 8.3 (Tris buffer). 20a-Hy- 
droxycholesterol-22-C™ (68,000 c.p.m.) was dissolved in 0.1 ml 
of propylene glycol and added to the prepared incubation mix- 
ture including DPN and ATP. Then 5 volumes of ethanol were 
added. The ether-soluble acid fraction was steam distilled, the 
distillate extracted with ether, neutralized, and evaporated to 
dryness. The salts were chromatographed as described by 
Brown (9); 200 wg of unlabeled sodium isocaproate were added 
as carrier. The paper chromatogram showed only one radioac- 
tive zone which coincides with the one produced by authentic 
sodium isocaproate. Furthermore, unlabeled isocaproic acid 
was added to an aliquot of the steam distillate and the anilide 
us well as the p-bromophenacy] ester were prepared. The spe- 
cific activity of these derivatives remained constant throughout 
repeated recrystallizations (Table 1). The vield of radioactive 


* Supported in part by United States Public Health Service 
Grants A-3419 and A-2672. 

! For isomers at Coo see (5). 

2 Our vield amounted to 0.8% in two experiments. 

3 This compound was prepared by reacting isohexylmagnesium 
bromide (made exactly as indicated by Cardwell et al. (7) except 
that CO.!4 was used) with 36-acetoxvpregn-5-en-20-one following 
the procedure of Petrow and Stuart-Webb (8). 
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TABLE I 
Specific activity of isocaproic acid derivatives 


Melting point 
No. of Weight Radio- 
Compounds recrystal- of activ- 
lizations product ity 
mg 
p-Bromophenacyl isocapro- 77° 76-7° 1 52.5 | 355 
ate | 76-7° | 2 | 37.4 | 346 
| 76-7° 3 23.5 | 359 
Isocaproic anilide 111° | 110-11° 1 15.5 | 412 
110-11° 2 11.5 415 
110—-11° 3 6.8 420 
TABLE II 


Yield of radioactive isocaproic acid after incubation of 
20a-hydroxycholesterol-22-C'* with bovine adrenal 
homogenate supernatant 
The flask contained: 5 ml of supernatant and 2.5 ml of 0.3 m 
Tris buffer (pH 8.3); substrate: 20a-hydroxycholesterol-22-C'4 
(68,000 ¢.p.m.); cofactors: DPN 0.002 mM, ATP 0.002 mM, MgCl. 0.02 

M, in total volume of 8 ml. Incubation time 3 hours. 


Radioactivity | 
No. of experiments Yield 
Control* Incubated | 
c.p.m. | c.p.m. | % 
| 701 | 11,250 (| 17 
2 | 1,860 13, 530 20 


_* The flask was kept several minutes at room temperature be- 
fore the addition of ethanol. 


isocaproic acid after incubation of 20a-hydroxycholesterol-22-C™ 
is indicated in Table IIL. 

The relatively high yield (17 to 20%) of isoeaproie acid-C™, 
obtained from the incubation of 20a-hydroxycholesterol-22-C", 
strongly suggests that the 20a-hydroxy steroid is an intermediate 
in the biosynthetic pathway from cholesterol to 38-hydroxy- 
pregn-5-en-20-one, which in turn is known to be the precursor 
of the adrenocorticosteroids. 
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Hydroxystearic Acids and the Biosynthesis* 
of Unsaturated Fatty Acids 


W. J. Lennarzt anp Konrap BLocu 


From the James Bryant Conant Laboratory, Harvard 
University, Cambridge, Massachusetts 


(Received for publication, April 6, 1960) 


The desaturation of palmityl coenzyme A to palmitoleyl coen- 
zyme A requires molecular oxygen and reduced triphosphopyri- 
dine nucleotide (1). These requirements are characteristic of 
oxygenase reactions, and we have therefore postulated that 
“oxy” acids are intermediates in the biosynthesis of unsaturated 
fatty acids in yeast: 


O 


CH, TPNH 
—H.O 
O 


| 
CH;(CHs2); 


In support of this hypothesis it has now been shown that 9- 
hydroxystearic acid is converted to an olefinic acid by yeast 
extracts and that both 9- and 10-hydroxystearic acids can replace 
oleic acid as growth factors for anaerobically grown yeast. 
10-Hydroxystearic acid was prepared from oleic acid by way 
of the epoxide (2). Unlabeled and 11 ,12-di-T-9-hydroxystearic 
acid were obtained by catalytic hydrogenation of the naturally 
occurring A"™-9-hydroxyoctadecenoic acid tritium- 
' labeled 9-hydroxy compound was incubated with crude yeast 
homogenates fortified with adenosine triphosphate, TPNH, and 
CoA (1). Fractionation of the reaction mixture by chromatog- 
raphy on silica gel (1) and treatment with mercuric acetate (4) 
revealed the presence of labeled olefinic acids in yields ranging 
from 20 to 60% in four experiments. The efficiency of this 
conversion is somewhat less than the desaturation of palmitic or 
stearic acid (1), possibly because the hydroxy acid is less readily 
converted to the CoA derivative. Depending on the direction 
of dehydration, the enzymatic product would be expected to be 
either A*- or A’-octadecenoic acid, and on oxidative cleavage of 
the olefin (5) the radioactivity should be recovered either in 
capric or pelargonic acid. Analysis of the cleavage products 


* Supported by grants-in-aid from the Nutrition Foundation 
and from the Eugene Higgins Trust Fund of Harvard University. 
t Postdoctoral Fellow of the National Science Foundation. 

! The 10-hydroxy acid is the racemic mixture. The optical ro- 
tation of the 9-hvdroxy acid has not been determined. Since it 
is prepared by reduction of the naturally occurring A'!-9-hydroxy- 
octadecenoic acid, it is presumably optically active. 
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TABLE I 
Anaerobic growth of yeast 


Saccharomyces cerevisiae LK2G12 was grown microaerobically 
in the medium of Andreassen and Stier (7) except that ergosterol 
and oleic acid were omitted. For the experiments below aliquots 
of these cells were used to inoculate 20 ml of the same medium con- 
taining in addition 0.25 mg of ergosterol. The flasks were placed 
in a vacuum desiccator which contained an open reservoir of al- 
kaline pyrogallol solution and, after alternate evacuation and 
flushing with helium, the desiccator was shaken at 25° for 4 (Ex- 
periment I) or 5 days (Experiment II). Aliquots of the cultures 
were counted in a hemacytometer counting chamber. The values 
given are the averages of two counts with less than 10% variation 
between duplicates. 


| Number of cells 


Additions 

None 59 
Oleic acid, 2 mg 600 709 
Oleic acid, 0.7 mg. | 818 
Oleic acid, 0.2 mg , | 389 
9-Hydroxystearic acid, 2 mg | 675 684 
9-Hydroxystearic acid, 0.7 mg | 793 
9-Hydroxystearic acid, 0.2 mg | | 485 
10-Hydroxystearic acid, 2 mg | 1050 


showed that the double bond of the olefinic product was indeed 
located in the C-8 to C-10 region. Approximately 80 to 85% 
of the tritium originally contained in the enzymatically produced 
olefin could be recovered in a steam-volatile acid, and on paper 
chromatography (6) the labeled acid migrated with an Ry of 
0.63 (caprate, Rr = 0.69; pelargonate, Rr = 0.61). 

An unsaturated fatty acid is necessary for the growth of yeast 
under strictly anaerobic conditions (7). As shown by the data 
in Table I, 9- and 10-hydroxystearic acids are as active as oleic 
acid in satisfying this requirement, suggesting that they do so 
by being converted to olefinic acids. Whether the 9- or the 
10-hydroxyoctadecanoic acids or possibly both are normal pre- 
cursors of oleic acid remains to be established. It will also be 
of interest to ascertain whether hydroxyoctadecenoic acids such 
as ricinoleic acid are intermediates in the synthesis of dienoic 
fatty acids. 
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Some Properties of y-Glutamylcysteine 
Synthetase* 
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(Received for publication, April 6, 1960) 


The activation of amino acids before amide or peptide bond 
synthesis can occur either by way of amino-acyl adenylates (1) 
or by processes involving the cleaving of ATP to ADP and P;. 
Among the latter, the syntheses of glutamine (2) and of GSH 
(3, 4) have long been known whereas the amino acid-incorporat- 
ing system of Beljanski and Ochoa (5) and the synthesis of 
uridine nucleotide peptides described by Ito and Strominger (6) 
are more recent examples. The current interest in this general 
subject prompts us to record some properties of y-glutamylcys- 
teine synthetase, the first of the two enzymes which participate 
in the stepwise synthesis of GSH. Starting from a preparation 
described earlier (4) and by application of chromatography on 
diethylaminoethy] cellulose columns we have obtained glutamyl- 
cysteine synthetase showing 2500 times the activity of the initial 
extract (7). The purified enzyme catalyzes a release of P; from 


TABLE I 
Release of P; from ATP 


The complete system contained the following additions in a 
total volume of 1.0 ml: 40 ug of glutamylcysteine synthetase, glu- 
tamate 10 umoles, cysteine 10 umoles, ATP 15 uwmoles, MgCl. 10 
umoles, and Tris buffer pH 7.8, 100 uymoles; when present, soluble 
RNA (8) 25 wg, and ribonuclease (Nutritional Biochemicals, 5 
times recrystallized) 100 ug. Incubations at 37° for 1 hour. 


Conditions | Pj 
pmole 
Complete | 0.17 
Omit glutamate | 0.00 
Omit cysteine | 0.00 
Complete + soluble RNA | 0.16 
Complete + ribonuclease | 0.17 


ATP which is strictly dependent on the presence of Mg**, glu- 
tamate, and cysteine (Table 1). ATPase, glutamine synthetase, 
and adenylate kinase activities are absent. The enzyme cat- 
alyzes, as does GSH synthetase (3) and some of the enzymes 
mentioned above (5, 6), a rapid transfer of P® from ADP to ATP. 
This exchange is dependent on the presence of Mg**+ but it does 
not require glutamate or cysteine nor is the rate of the reaction 
affected by these amino acids (Table IT). 

Whatever the intimate mechanism of the activation process, 
the y-carboxyl of glutamate is likely to react with a phosphate 
group of ATP to form an anhydride linkage. On cleavage of the 
intermediate (C—O cleavage of the carboxylphosphate) oxygen 
from the carboxyl group of glutamate should be donated to Pj. 
The data in Table III show this to be the case. P; liberated 
from ATP during glutamylcysteine synthesis from labeled glu- 


* Supported by grants-in-aid from the National Science Foun- 
dation and the Eugene Higgins Trust Fund of Harvard University. 

+ Present address: Department of Biochemistry and Virus Lab- 
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D. H. Strumeyer and K. Bloch 


TaBLe II 
ADP®-ATP exchange 
Each tube contained 80 ug of dialyzed enzyme, and (in umoles) 
ADP* 1.8, ATP 3.0 and Tris buffer pH 8.5, 100; and when added, 
10 umoles each of Mg**, glutamate, and cysteine. Total volume 
1.0 ml, incubation for 1 hour at 37°. Nucleotides were isolated 
by chromatography on Dowex 1-chloride (9). 


Additions | ATP | ADP Exchange 

c.p.m./pmole % 
None 490 11,400 
Mg** 3,600 | 6, 200 73 
Mg** + glutamate 3,950 | 6,750 74 
Mg** + cysteine 3,850 5,700 8] 
Mg** + cysteine + glutamate 3,450 5, 250 79 

TABLE III 


O'8 transfer in y-glutamylcysteine synthesis 

The incubation mixtures contained 3.0 mg of purified enzyme, 
14.7 mg of O'8-glutamic acid, 15.7 mg of cysteine hydrochloride, 
20.3 mg of MgCl2, and 18.7 mg of ATP in a total volume of 10 ml. 
The solutions, adjusted to pH 8.5, were incubated for 75 minutes 
at 38°. Approximately 15 ymoles of P; were liberated. Nucleo- 
tides and P; were separated with the aid of Norit A. P; was iso- 
lated as KH2PQO, and analyzed for O'!8 (10). 


Atom % excess O'5 in 


Pj, found ADP 


Glutamic acid Pj, calculated 
0.741 0.185 | 0.184 0.01 
| 0. 206 0.01 


tamate, contains O in the expected concentrations. <A transfer 
of O to P; has also been shown to occur when glutamylceysteine 
labeled by O¥ in the cysteine carboxyl reacts with glycine and 
ATP to form GSH (7). 

Finally it is of interest that the glutamyleysteine synthetase 
reaction, as measured by P; release from ATP, is insensitive to 
ribonuclease and is not effected by the addition of soluble RNA 
(Table I)... This contrasts with the second step of GSH synthe- 
sis, which Bates and Lipmann (11)? have recently shown to in- 
volve a RNA derivative of glutamylcysteine. 
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Multiplication of Tobacco Mosaic Virus 
in a Normally Insusceptible Host* 
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Recent experiments by Holland et al. (1) and by DeSomer et 
al. (2) suggest that the range of host specificity of an animal virus 
may be considerably extended if the protein moiety of the virus 
is removed. Thus, it has been found that cells of normally 
insusceptible animals such as rabbits, mice, chickens, and so 
forth, would be infected by polio virus ribonucleic acid. 

This communication describes a similar phenomenon in the 
case of plant viruses. It has been found that tobacco mosaic 
virus RNA w: ‘ infect leaves of Rhoeo discolor, whereas the intact 
virus will not multiply in the leaves of this host. It should be 
noted that this new host is a monocotyledon whereas tobacco is 
a dicotyledon; thus, the new host is only very distantly related 
to the more common hosts of tobacco mosaic virus. 

In the procedure used, one set of detached leaves was inocu- 
lated with tobacco mosaic virus, (0.5 wg per ml); a second set 
was inoculated with tobacco mosaic virus RNA, (20 yg per ml) 
prepared by the method of Gierer and Schramm (3); and a third 
set of leaves was included as a control to make certain that the 
plants did not already contain some endogenous type of virus. 


~ The detached leaves were floated on water and illuminated for 


12 hours per day. At various times samples were frozen and 
then homogenized in sterile sodium phosphate buffer, pH 7.0, 
0.1m. Large cell debris was removed by centrifugation at 8,000 
x g for 15 minutes. The clarified extract was assayed for in- 
fectious agents with the use of Nicotiana tobacum var. Xanthi, 
n.c., a plant host that gives a local lesion response. About ten 
different species of plants were examined by this procedure. 

The results in the case of Rhoeo discolor are given in Table I. 
Similar results were consistently obtained in eight identical ex- 
periments performed in the Rhoeo discolor host. When the plant 
cells are infected with the RNA, the infection does not appear to 
spread. The growth curve in Rhoeo discolor attains a plateau at 
a very low level in comparison with the systemic host, Turkish 
Tobacco (Fig. 1). In addition, when one leaf of an intact plant 
was inoculated with tobacco mosaic virus RNA, infectious units 
were found only in the inoculated leaf. Extracts of other leaves 
of the same plant were noninfectious. The undegraded virus 
was not infectious in intact plants. 

The infectious material formed in Rhoeo discolor appears to be 
very similar to tobacco mosaic virus. ‘The infectivity is resistant 
to ribonuclease, and all of the infectious units are sedimentable 
at 60,000 < g for 1 hour. The infectious material causes local 
lesions on Nicotiana tobacum var. Xanthi, n.c., and extracts of 
these local lesions cause typical systemic infections in Turkish 
tobacco hosts. The virus formed during these latter infections 
in the Turkish host has the same behavior towards Rhoeo discolor 


* This work was supported by grants from Initiative 171 Funds 
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TABLE I 
Infectivity of extracts from Rhoeo discolor 


| TInoculum* 
Time of incubation 
Intact virus| RNA Control 
days 
1 0 0 0 
3 0 70 0 
6 0 150 0 


* Numbers listed are the average number of lesions produced 
by the application of 0.1 ml of clarified Rhoeo extract to 4 to 10 
half leaves of Nicotiana tobacum var. Xanthi, n.c. 
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Fic. 1. The growth of tobacco mosaic virus (TMV) and tobacco 
mosaic virus RNA in various hosts. Leaf extracts were prepared 
at the indicated times and applied to leaves of a local lesion host. 


as normal tobacco mosaic virus. Electron photomicrographs of 
Rhoeo discolor sap show numerous rod shaped particles similar in 
size and shape to tobacco mosaic virus. These rods are seen 
only when the sap is infectious. 

These results demonstrate that the host range specificity of 
tobacco mosaic virus RNA is greater than that of the parent 
virus. Just as in the case of the protein of polio virus, the pro- 
tein of tobacco mosaic virus plays an important role in the 
delineation of the host range of the intact virus. Further studies 
of the replication of tobacco mosaic virus and the virus particles 
produced in unusual hosts are in progress. 
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